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Genetic Variation and Sex Mediate Differential Responses to
∆-9-tetrahydrocannabinol
-9-tetrahydrocannabinol among Inbred Mice
Abstract
The plant Cannabis sativa has been used by people for both recreational and medicinal use for thousands
of years, but scientific investigation of the plant and its components didn’t begin until the early nineteen
hundreds when Cannabis components known as phytocannabinoids were characterized and later
isolated. In the 1970’s, ∆9-tetrahydrocannabinol (THC) was isolated and recognized as the major
constituent responsible for the psychoactive and intoxicating effects associated with consumption of
cannabis. This opened the door for intensive research in the field that lead to the discovery of the
endogenous cannabinoid system and its associated receptors, effectors of signaling, and biosynthetic
enzymes.
The primary cannabinoid receptor, cannabinoid receptor 1, is a G-protein coupled receptor (GPCR) that
primarily associates with Gi/o proteins, giving it the properties of having mainly inhibitory actions by
decreasing release of neurotransmitters and hormones. Upon receptor activation, the Gi/o protein
disassociates with and inhibits adenylyl cyclase, decreasing cAMP production, a major second
messenger of the cell. After stimulation by cannabinoids, cannabinoid receptors undergo a
desensitization process where they are internalized by β-arrestins. This internalization subjects the
receptors to intracellular trafficking during which the majority are degraded. This causes a decrease in
surface levels of cannabinoid receptors and makes the cells less sensitive to agonists.
Cannabis is among the most widely used psychoactive drugs in the world. In the United States, use and
legalization of cannabis continues to grow. The spreading use and legalization of cannabis has the social
consequence of a diminished sense of risk to the individual. This can be harmful in and of itself, but
cannabis THC concentrations in the U.S. have tripled over the last 20 years, giving rise to a more potent
drug, potentially increasing risk of adverse effects associated with use. Effects of acute, short term use
include faulty judgment and perception, memory impairment, motor skill dysfunction, alteration of mood,
and low levels of attention and alertness. Effects associated with more chronic, long term use include risk
of dependence, an increased risk of developing psychotic disorders such as schizophrenia, and long-term
cognitive impairment.
For cannabis, and other drugs of abuse, initial response and/or tolerance to drug effects can predict later
dependence and problematic use. In the work presented here, we identify sex and genetic (strain)
differences in initial response and rapid tolerance to THC, the main psychoactive ingredient in cannabis,
between highly genetically divergent inbred mouse strains—C57BL/6J (B6) and DBA/2J (D2). To identify
variation in THC response we use the cannabinoid-induced tetrad test which quantifies the strength of
agonist mediated cannabinoid receptor signaling by measuring the level of motor activity, nociception,
and hypothermia elicited by receptor activation. We then extend our study of THC response variation to
the BXD genetic reference population derived from B6 and D2 strains. Increasing the number of strains
tested by tenfold (N=20) we detect significant strain and sex variation in THC response and use online
tools to perform QTL mapping and correlation searches to begin to uncover potential genetic drivers of
variation in response to THC.
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ABSTRACT

The plant Cannabis sativa has been used by people for both recreational and
medicinal use for thousands of years, but scientific investigation of the plant and its
components didn’t begin until the early nineteen hundreds when Cannabis components
known as phytocannabinoids were characterized and later isolated. In the 1970’s, ∆9tetrahydrocannabinol (THC) was isolated and recognized as the major constituent
responsible for the psychoactive and intoxicating effects associated with consumption of
cannabis. This opened the door for intensive research in the field that lead to the
discovery of the endogenous cannabinoid system and its associated receptors, effectors of
signaling, and biosynthetic enzymes.
The primary cannabinoid receptor, cannabinoid receptor 1, is a G-protein coupled
receptor (GPCR) that primarily associates with Gi/o proteins, giving it the properties of
having mainly inhibitory actions by decreasing release of neurotransmitters and
hormones. Upon receptor activation, the Gi/o protein disassociates with and inhibits
adenylyl cyclase, decreasing cAMP production, a major second messenger of the cell.
After stimulation by cannabinoids, cannabinoid receptors undergo a desensitization
process where they are internalized by β-arrestins. This internalization subjects the
receptors to intracellular trafficking during which the majority are degraded. This causes
a decrease in surface levels of cannabinoid receptors and makes the cells less sensitive to
agonists.
Cannabis is among the most widely used psychoactive drugs in the world. In the
United States, use and legalization of cannabis continues to grow. The spreading use and
legalization of cannabis has the social consequence of a diminished sense of risk to the
individual. This can be harmful in and of itself, but cannabis THC concentrations in the
U.S. have tripled over the last 20 years, giving rise to a more potent drug, potentially
increasing risk of adverse effects associated with use. Effects of acute, short term use
include faulty judgment and perception, memory impairment, motor skill dysfunction,
alteration of mood, and low levels of attention and alertness. Effects associated with more
chronic, long term use include risk of dependence, an increased risk of developing
psychotic disorders such as schizophrenia, and long-term cognitive impairment.
For cannabis, and other drugs of abuse, initial response and/or tolerance to drug
effects can predict later dependence and problematic use. In the work presented here, we
identify sex and genetic (strain) differences in initial response and rapid tolerance to
THC, the main psychoactive ingredient in cannabis, between highly genetically divergent
inbred mouse strains—C57BL/6J (B6) and DBA/2J (D2). To identify variation in THC
response we use the cannabinoid-induced tetrad test which quantifies the strength of
agonist mediated cannabinoid receptor signaling by measuring the level of motor activity,
nociception, and hypothermia elicited by receptor activation. We then extend our study
of THC response variation to the BXD genetic reference population derived from B6 and
D2 strains. Increasing the number of strains tested by tenfold (N=20) we detect
significant strain and sex variation in THC response and use online tools to perform QTL
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mapping and correlation searches to begin to uncover potential genetic drivers of
variation in response to THC.
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CHAPTER 1.

INTRODUCTION AND BACKGROUND

History of Cannabinoid Research
The flowering plant Cannabis sativa, known most commonly as marijuana, is one
of the first plants to be used for therapeutic and recreational use and even the occasional
religious ceremony. Records of medicinal use date back as far as 5,000 years in China
with therapeutic uses such as pain relief, mood stabilization, and reduced nausea
documented during this time [1]. However, scientific research didn’t begin until the early
20th century when the major constituents of cannabis, phytocannabinoids, were first
characterized. The first of these plant cannabinoids, Cannabinol (CBN) and Cannabidiol
(CBD), were isolated approximately 80 years ago [2]. The versatility of cannabis’s
effects didn’t begin to be unveiled until the isolation and partial synthesis of the
phytocannabinoid ∆9-tetrahydrocannabinol (THC) about 30 years later [3]. From the
approximate 550 total compounds currently identified in cannabis, 144 are
phytocannabinoids, and THC is considered the primary psychoactive component of the
plant [4].
With further identification and understanding of phytocannabinoids, the idea of
the presence or absence of cannabinoid receptors (CBRs) became a debated topic in the
field [2]. The discovery and synthesis of THC paved the way for the construction of high
potency synthetic cannabinoids with similar structures to natural phytocannabinoids. The
availability and use of these synthetic cannabinoids directed research to answering the
question of the existence of endogenous CBRs. Evidence of their presence was first
demonstrated by the ability of cannabinoids to inhibit cAMP formation, a Gi/Go protein
pathway that is turned on through GPCR surface proteins [5]. This was followed by the
successful cloning of the first CBR, cannabinoid receptor 1 (CB1R), from mammalian
brain [6, 7], followed closely by the identification of a second CBR, eventually named
cannabinoid receptor 2 (CB2R), which was cloned from immune tissue [8].
With these newly discovered CBRs, ligands that are naturally expressed in the
body, N-arachidonoyl-ethanolamine (AEA; anandamide) and 2-arachidonoylglycerol (2AG), that bind these surface proteins were isolated and named endogenous cannabinoids
or endocannabinoids [9, 10]. These two originally identified molecules remain the best
studied endocannabinoids in the field. They are endogenous lipids whose precursors are
present in the cell membrane and when needed can be released from the lipid bilayer,
converted into endocannabinoids through enzyme reactions, and released into the
extracellular space as neuromodulators [11]. The efficacy of each endogenous CBR
agonist varies. 2-AG has high efficacy for both CB1R and CB2R while anandamide has
low efficacy for CB1R and extremely low efficacy for CB2R [12, 13]. These
endocannabinoids, their corresponding CBRs, and relevant enzymes comprise the
endocannabinoid system. This system remains a research field of high interest in terms of
further exploration of canonical, noncanonical, and adjacent signaling pathways and the
potential development of these pathways for therapeutic and medical use.

1

Cannabinoid Signaling

Cannabinoid 1 Receptor Dynamics
Cannabinoids have a remarkable degree of chemical diversity and consist of three
classes: endocannabinoids (ex: 2-AG), phytocannabinoids (ex: THC), and synthetic
cannabinoids (ex: WIN55,212-2). In the central nervous system (CNS), the primary
target of each class of molecules is CB1R. Cannabinoid receptor signaling has a
divergent network of intracellular pathways, (Figure 1-1) [14], having predominantly
inhibitory actions by decreasing release of neurotransmitters and hormones [15-17]. CB1
receptors accomplish this through their association with Gi/o proteins to inhibit adenylyl
cyclase (AC), regulate certain potassium and calcium ion channels, and activate mitogen
activated protein kinase (MAPK) [18, 19]. As with other GPCRs, activation of CBRs
initiates desensitization, a process where receptor levels diminish on the cell surface due
to the presence of agonist. The first step is the phosphorylation of ligand-bound receptors
by a G protein coupled receptor kinase (GRK). Phosphorylated receptors are then
detected by arrestin proteins, specifically β-arrestin 2 for CB1R, which bind to the
receptor and initiate internalization [20, 21]. Once internalized, CB1R is subject to
intracellular trafficking where it can either be recycled to the surface or degraded by
lysosomes. Evidence exists that degradation is the primary fate for internalized CB1
receptors [22, 23].
CB1R is also able to activate other G proteins given specific cell types and
ligands present [24]. In cells with specific AC isoforms CB1R is capable of pairing with
and activating Gβγ subunits [25]. Through various cell culture models CB1R, both
transfected and endogenously expressed, can increase intracellular calcium levels through
Gq/11 subunits [26]. CB1Rs ability to increase intracellular calcium concentration
through Gq/11 has also been noted in astrocytes, causing a release of glutamate and
influencing synaptic transmission of pyramidal neurons [27]. Finally, it has also been
proposed that under certain conditions, such as in cultured striatal neurons with coactivation of dopamine receptor 2 and high concentrations of certain agonist, CB1R
might be capable of stimulating cAMP production through association of the Gs protein
[28-30]. This activity remains unclear due to the inability of researchers to isolate CB1R
bound G proteins other than Gi/o [31] and recent evidence suggests that CB1 receptormediated increases in cAMP are due to reduced Gi/o function rather than Gs activation
[32].

CB1R Signal Transduction Pathways
Arguably the most meaningful signaling effect of CB1R induction is the
inhibition of AC, an enzyme responsible for the production of intracellular cyclic
adenosine 3,5-monophoshate (cAMP). The first second messenger to be discovered [33]
and the first signal transduction pathway characterized through cannabinoid agonist
activity [34], cAMP plays an essential role in the cellular response to numerous
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Figure 1-1.

CB1R signaling pathways.

Agonist-induced signaling at the CB1R. Reprinted from Trends in Pharmacological
Sciences, 32(9), Keimpema, E., K. Mackie, and T. Harkany, Molecular model of
cannabis sensitivity in developing neuronal circuits, 551-561, Copyright (2011), with
permission from Elsevier.
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neurotransmitters and hormones. Cyclic AMP has three main downstream effectors:
cAMP-dependent protein kinase (PKA), a guanine nucleotide exchange factor (GEF)
known as EPAC, and various cyclic nucleotide gated ion channels [35]. PKA is the
prominent and best studied effector with involvement in regulating metabolic enzymes
and transcription factors, regulating other pathways such as the PIP2 pathway through
control of phospholipase C, and contributing to ion channel permeability [35]. This
allows PKA to influence widespread cellular and physiological functions, all of which are
subject to control of CB1R by agonistic activation through cannabinoids reducing cAMP
levels.
Ion channel regulation is one consequence of CB1R activation. One ion known to
be regulated by cannabinoid signaling is potassium, which is manipulated through the
activation of G-protein coupled inwardly-rectifying potassium channels (GIRKs) within
this pathway and induction can occur through activation by multiple CB1R agonists [36,
37]. Specifically, GIRK1 and GIRK4 channels have been reported to have active
responses in the presence of CB1R signaling in amphibian oocytes [38] as well as
neuronal cells of murine models [39, 40]. When these channels open, potassium is
removed from the cell, decreasing its intracellular concentration [41]. The second ion
known to have downstream effects due to CB1R signaling is calcium. While some
calcium regulation is cell type specific with unknown mechanisms of response [42],
several CB1R regulatory mechanisms for calcium have been defined. Insulinoma cells
can regulate calcium in a cannabinoid-dependent manner through the involvement of Gq
proteins and phospholipase C activity induced by cannabinoid agonist arachidonoylchloro-ethanolamide, JWH133, and anandamide [43]. Voltage-gated ion channels can be
influenced by CB1R stimulation. L-type calcium channels in cerebral vessels [44], retinal
bipolar cells [45], and neonatal rat solitary tract cells [46] were inhibited in the presence
of cannabinoids. In contrast, CB1R induced activation of L-type calcium channels has
been demonstrated in neuroblastoma cells [47]. Numerous studies provide evidence of
CB1R’s ability to inhibit P/Q-type calcium channels [37, 48-51] as well as N-type
calcium channels [39, 50, 52-56] due to CB1R signaling, which could be important in
cannabinoid presynaptic inhibition and retrograde signaling [57, 58].
The MAPK pathway, an important signaling cascade involved in many cellular
functions, can be activated through agonistic activity of GPCRs. These pathways have a
long signaling ladder of kinase activity which lead to activation of many pathways. One
of these pathways leads to the activation of extracellular signal-related kinases 1 and 2
(ERK1/2). ERK1/2 participates in the Ras-Ref-MEK-ERK signaling pathway which
involves a large number of physiological processes in the cell including cell movement,
metabolism, cell cycle, cell survival, cell differentiation, cell proliferation, and
transcription [59]. CB1R stimulation can activate ERK1/2 in multiple cell types and
could be accomplished through a variety of mechanisms including activation of Gi/o
proteins [58], inhibition of PKA through AC [60], phosphatidylinositol 3-kinase (PI3K)
through the PIP2 pathway [61], transactivation of other receptors such as vascular
endothelial growth factor (VEGF) or tyrosine kinase FYN [62, 63]. Other MAPK
pathways linked to CB1R stimulation are the JKN and p38 MAPK pathways [64, 65].
Both pathways are involved in cell apoptosis and inflammation, with JNK having
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addition roles in metabolism and influence on mitochondrial proteins and p38 MAPK
being involved in the cell cycle and cell differentiation [66-70]. JKN and p38 MAPK
pathways both primarily respond to stressful or harmful phenomenon such as cytokines,
ultraviolet light, heat shock, osmotic shock, radiation, senescence, and tumorigenesis [68,
71]. Activating MAPK pathways can be dependent on cell or tissue type. CB1R activity
can invoke ERK1/2, p38 MAPK, and JNK pathway response in endothelial cells [64],
where cannabinoids were only able to activate the p38 MAPK pathway in hippocampal
slices [63] and JNK in cultured cortical neuron cells [72].
With GPCR induction, there are also unique signaling transduction events tied to
the proteins responsible for their internalization/desensitization, β-arrestins. In addition to
this important function, β-arrestins have other roles in signaling and possess their own
signaling pathways. One prominent signaling role is their function as scaffolding proteins
[73, 74]. When acting as a scaffold, β-arrestin places specific proteins in close proximity
and occasionally in certain locations within the cell. This increases efficiency of pathway
transduction, decreases unwanted, alternate pathway reactions, and brings effector
proteins to needed areas of a cell. Working as a scaffold also allows for influence on
basal activity levels, and evidence exists that arrestin scaffolds are key regulators of cell
growth, migration, and survival pathway [75]. β-arrestin also can bind to transcription
factors such as NFKB and p53 [76, 77] and cofactors such as p300 [78]. While bound to
β-arrestin, CB1R can activate alternative signaling pathways in a G-protein independent
manner through β-arrestin [79, 80]. This has been supported with evidence that increased
interaction of β-arrestin to CB1R surface proteins results in an increase in β-arrestin
mediated signaling [81]. While bound to receptors, it is proposed that selective signaling
could be achieved with downstream β-arrestin pathways by isolating G-protein bound
signaling cascades over β-arrestin [82]. This is evident with the μ-opioid receptor, a
GPCR that binds to Gi/o proteins and recruits arrestins, much like CBRs. These results
point to strong therapeutic potential having fewer adverse side effects when biased
towards G-protein coupled signaling [83-85]. It is possible that CBRs could hold this
same potential with drug response while producing less negative effects. Agonist
designed to be biased towards G-protein bound and away from β-arrestin bound signaling
have begun clinical trials [86, 87].

Cannabinoid Receptor 2
The majority of cannabinoid ligands that induce activity with CB1R also
stimulate CB2R, albeit with different efficacy with most ligands [11]. The signal
transduction pathways of CB2R are not characterized as well as CB1R. However, it is
known to share some of the same signaling mechanisms such as coupling to the Gi/o
subunit to inhibit AC, MAPK activation, and intracellular calcium regulation through
phospholipase C activity [88-90]. CB2R does not seem capable of regulating potassium
through GIRK channels or calcium through voltage gated mechanisms like CB1R [91].
As with the CB1 receptor, CB2R also undergoes agonist-mediated phosphorylation,
followed by a decrease in signaling and surface receptor levels [92, 93]. β-arrestin-2, the
same arrestin that interacts with CB1R, is also believed to be the cause of the
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internalization and desensitization of this receptor. A fascinating characteristic of CB2R
is its high inducibility, with expression able to increase up to 100 fold in the presence of
inflammation or tissue injury [94].

Non-Cannabinoid Receptor Activity
Several GPCRs other than CB1R and CB2R are capable of cannabinoid ligation
and have been suggested to be cannabinoid receptors themselves. To date, only two have
been verified to have cannabinoid activity: GPR18 and GPR55 [95, 96]. GPR55, which is
stimulated by cannabinoids such as THC, anandamide, 2-AG, JWH015, and CBD in
HEK293 cells [97], is expressed throughout the body and co-localizes with CBRs in
various areas [98, 99]. It’s G-protein association is dynamic, coupling to G13, Gq/11, G12,
or G12/13 depending on cell or tissue type [97, 100-102]. When coupled to Gq/11 subunits,
GPR55 provokes calcium signal generation, increasing intracellular calcium levels [97].
Activation of GPR55 is linked to calcium signaling in endothelial cells, but this activity
was dependent on the stimulation of CB1R [103]. With GPR55 and CB1R having
overlapping ligand specificity it is possible that some calcium signals created by
cannabinoid activity could be mediated by GPR55. GPR18 responds to THC, abn-CBD
and the anandamide metabolite NAGly [95, 104] and associates with Gi/o and Gq/11
subunits [105, 106]. Expression of GPR18 is the highest in spleen and bone marrow with
lower expression in lungs, brain, testis, and ovary [105, 107]. GPR18 inhibits cAMP
production due to its coupling to Gi/o [105], and has been implicated in cell migration
[104] and apoptosis [108]. The lack of strong, selective agonist for these receptors
hampers a deeper understanding of these receptors and development of biased agonist
may be needed for further investigations.
Cannabinoids also have targets other than GPCR receptors. They bind and
activate transient receptor potential (TRP) channels, which are cation channels typically
activated by heat or capsaicin and cold or methanol depending on the TRP channel [109,
110]. Ligand-induced activation of these channels leads to feelings of temperature
sensation followed by a period of increased antinociception. Endocannabinoids
anandamide and 2-AG are capable of activating TRPV1 channels while THC is capable
of activating TRPV2, a heat activated channel, and TRPA1, a cold activated channel
[109, 111, 112]. These TRP channels co-express with CB1R in multiple areas of the
CNS, making it plausible that endocannabinoids might be naturally producing
physiological effects through these channels [111, 113, 114]. A second non-cannabinoid
receptor type activated by cannabinoids are nuclear receptors known as PPARs
(peroxisome proliferator activated receptors). THC has affinity for PPARγ, which has
insulin-like effects on metabolism, but also has evidence of affecting expression of the
CB1 receptor, potentially playing a role in the endocannabinoid system [115]. PPARα,
inducible by anandamide and 2-AG, reduces appetite and brings forth analgesic and
neuroprotective responses [116]. Further investigation is warranted to understand if these
non-cannabinoid receptors play a more extensive role in the endocannabinoid system.
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Homo- and Heterodimerization of CB1R
Physical interaction and cooperative function between surface proteins was
speculated back in the 1970s [117] and since then an abundant amount of data has been
acquired demonstrating GPCRs functioning as both homo and heterodimers [118-122].
When forming dimers, there are often changes in receptor function leading to alterative
signaling pathways [122]. CB1R is capable of homodimerization [123] as well as
heterodimerization with D2 dopamine receptors [124], A2A adenosine receptor [125], β2
adrenergic receptor [123], and opiate receptors [126]. Heterodimerization with D2
dopamine receptors provides evidence pointing towards the function of the heterodimer
relying on CB1R stimulation [124]. When bound to D2 receptors, CB1R leads to an
increase in intracellular cAMP concentration rather than a decrease [28]. This is believed
to be caused by a change in CB1R’s G protein association, from its normal Gi/o subunit
to Gs [127]. This gives rise to the possibility of having stable, active CB1R surface
proteins coupled to Gs. When forming a dimer with A2A adenosine receptor CB1R
cannot activate is Gi/o protein independently, but needs activation of A2A to perform its
function [128]. The μ-opioid/CB1R heterodimer is capable of effective Gi/o signaling
when either receptor is stimulated alone, but Gi/o signaling is inhibited when they are
coactivated [126]. Dimerization of CB1R and other GPCRs may be a useful model to
explain the altered functional properties and signal transductions that these receptors are
capable of performing under varying circumstances, such as in differing tissues or under
pathological conditions.

Distribution of Cannabinoid Receptors

Neuronal Presence of CB1R
In the CNS, CB1R is located mainly at presynaptic sites and along axons,
allowing them to control neurotransmitter releases at synapses and influence neuronal
function [129-131]. However, there is evidence with self-inhibition studies using
endocannabinoids on neocortical neurons that CB1R could be present at postsynaptic
sites [132, 133]. Using molecular techniques and conditional knockout mice, studies
demonstrate that cannabinoid receptors have both excitatory and inhibitory
neurotransmission effects due to their location on both GABAergic and glutamatergic
neurons [134, 135]. However, alterations in mental state and certain physiological
responses is a result of agonistic cannabinoid binding to CB1R surface proteins of
glutamatergic principal neurons in the CNS [134]. CB1 receptors have been reported to
have varying concentration levels depending on cell type. Some of the highest levels of
CB1R were detected in the cortex and hippocampus, particularly on cholecystokinin
interneurons [136-138], but they are widely distributed at lower levels in glutamatergic
cells [135]. Within the striatum, an abundance of the CB1 receptor can be found in
medium spiny neurons [139-141]. While its presence in neurons is of critical importance
to CB1R function, it is also present and has functional relevance in glial cells [142, 143],
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which is not all that surprising with the discovery of microglial cells and astrocytes being
capable of producing their own endocannabinoids, specially 2-AG and anandamide [144].

CB1R Distribution
The CB1 receptor was first discovered in the brain and was then categorized as
the most abundant GPCR there with the highest expression levels detected in the cortex,
striatum, hippocampus, and cerebellum and lower levels seen in the thalamus,
hypothalamus, brainstem, and spinal cord [145]. This distribution of CB1R in the CNS
corresponds with some of the behavioral effects caused by receptor activation. Its
influence on motor function and coordination are likely mediated by receptor activity in
the cortex, striatum, and cerebellum [146, 147]. The striatum and areas of the cortex also
play a role in the cataleptic traits of cannabinoid activity [134, 148]. Hypothermic
response has been linked to hypothalamic mediation based on injections of cannabinoids
directly into the tissue [149, 150], while cannabinoid antinociception response may
depend primarily on spinal mechanisms [151]. Reviewing the effects of cannabis use and
CB1 receptor levels together reveals some discrepancies. Cannabinoid activity effects an
individual’s homeostatic state [146], including temperature regulation, but CB1 receptor
levels are low in the hypothalamus, a region of the brain believed to modulate many of
these processes [152]. The low level of receptors is believed to be compensated by a
higher efficacy of CB1 in the hypothalamus. This was concluded by comparing CB1R
activity to relative levels of the receptor present [153]. The efficiency of the CB1 receptor
varies in other regions of the brain, even within different areas of the cortex with similar
expression levels [154]. When comparing different areas of the brain, the hypothalamus
has some of the highest CB1R efficiency, which would allow fewer receptors to achieve
behavioral or physiological effects [155].
CB1R is also present in the peripheral nervous system (PNS) [145]. Within the
PNS CB1R has been located in sympathetic neurons, trigeminal ganglion, dorsal root
ganglion, and primary sensory cells and has the ability to regulate pain [156-159]. One
peripheral region CB1R is present in is the enteric nervous system and intestine inner
lining of the GI tract where it contributes to control of secretion of acids and
neurotransmitters, tract mobility, and epithelium permeability [160]. The receptors are
also expressed in the liver, but at very low levels under normal conditions [161] with the
ability to increase expression under pathological conditions and are involved in insulin
resistance, fibrosis, and lipogenesis [162]. Lower levels of CB1R expression are found in
the cardiovascular system as well where they help modulate heart rate and blood pressure
[163]. Other tissues and areas expressing detectable levels of CB1R are adipose, bone,
muscle, skin, eye, and the reproductive system [162].

CB1R Subpopulations
While most CB1R is primarily localized to the cell surface and participates in G
protein-dependent signaling, intracellular localization of CB1R has also been reported
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with characteristics of functional subpopulations [23]. One subpopulation is located in
various endosomes and lysosomes and believed to be independent from normal receptor
activity, meaning separate from the population of constitutive and agonist bound
internalized membrane receptor population [22, 164]. This distinct endo/lysosome CB1R
group, upon intracellular agonist activation, increases the release of calcium from both
the receptor’s vesicle and the endoplasmic reticulum [165]. A second group of CB1
receptors independent from plasma membrane receptor activity are located in the
mitochondria. THC has been reported to have effects on mitochondria associated
enzymatic activity through the presence of mitochondrial CB1R and its involvement in
cellular respiration [166, 167]. Many other roles of mitochondrial CB1 have been
investigated including cannabinoid-induced hunger, memory impairment, and cerebral
ischemia/reperfusion injury, suggesting a larger role in its contribution to mitochondrial
activity [168-170]. The presence of mitochondrial CB1R is believed to be important for
proper function and overall health of mitochondria, potentially effecting mitochondrial
related pathological conditions [171-173].

CB2R Distribution
CB2R was first discovered in immune tissue and later studies confirmed that the
predominant location of CB2R is in immune cells [8, 174]. Here CB2R activation effects
adaptive immune response by negatively regulating cell migration and producing
inflammatory factors such as cytokines and chemokines [175, 176]. The CB2 receptor is
present at a much lower level in the CNS and PNS [177] and is primarily located in
microglia and vascular elements of the nervous system rather than neurons [178, 179]. A
stronger presence of CB2R in neurons under pathological conditions have been noted
[180, 181]. Even with its low expression within the nervous system, CB2R contributes to
neurological function, such as nociception, addiction, and neuroinflammation [182, 183].
Lines of evidence exist that CB2R can regulate neuron excitability through of control of
specific chloride channels in certain brain tissue [184]. It also has moderate expression in
some peripheral tissues, many overlapping with CB1R expression - cardiovascular,
gastrointestinal, liver, adipose, bone, and reproductive [174].

Prevalence, Use, and Effects of Cannabis

Use, Legalization, and Social Outlook
Cannabis is one of the most widely used drugs in the United States and its use
continues to increase, which is especially true in states where recreational use of cannabis
has been legalized [185, 186]. Currently (as of July, 2020) 34 States have legalized
cannabis for medical use and 11 of those States have also legalized recreational use. With
increasing support from the general public and legal precedent being set by individual
states throughout the U.S., it can be assumed that the legalization of cannabis will
continue to spread throughout the country, further increasing the number of users and use
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frequency. New legislation isn’t the only change in cannabis in recent years. The
concentration of THC in marijuana has tripled in the U.S. over the last two decades from
4% to 12%, potentially intensifying adverse effects associated with use [187]. The
general perception of cannabis use, both medical and recreational, is becoming more
acceptable in the U.S. [188, 189] and there is even a decrease in belief that cannabis use
puts the individual at risk of harm [190, 191].

Physiological Effects and Pathological Roles of Cannabis and Its Receptors
Physiological effects of using cannabis are seen throughout different systems of
the body. The effects on the CNS include changes in analgesia, neuronal excitability, and
neuroprotection [192-194]. CB1Rs modulate neurotransmission by inhibiting the
neurotransmitters GABA and glutamate in their respective neurons. Alleviating pain is
one of the earliest therapeutic uses of cannabis and many studies focus on its
effectiveness with different types of pain [195, 196]. While CB1R plays the most
prominent role in regulating nociception, CB2R may also play a role in cannabinoid
regulation of pain [197]. The neuroprotective effect of CB1R stimulation, which allows it
to potentially play a role in neurological disorders such as epilepsy and excitotoxicity, has
been linked to glutamatergic neurons [198, 199]. Other than its main function of
inhibiting neurotransmission, there is evidence that CB1Rs neuroprotective ability
extends to other biological functions such as inhibiting nitric oxide production and
increasing expression of the neuronal survival and growth protein BDNF [200, 201].
Alterations in the endocannabinoid system, including changes in CB1R expression, are
present in neurodegenerative diseases, such as Huntington’s, Parkinson’s, and
Alzheimer’s [193]. Animal models of Alzheimer’s study how induction of CB1R can
potentially benefit memory deficits and other cognitive dysfunctions that come with the
disease [202, 203]; with the underlying cause likely due to CB1R preventing amyloid β
neurotoxicity [204-207]. Loss of CB1R expression can be an early sign of Huntington’s
[208] and mouse models suggest therapeutic potential with administration of THC
partially alleviating some of the disease’s symptoms [209].
Physiological effects in peripheral regions include changes in heart rate, blood
pressure, and appetite along with decreases in nausea, intraocular pressure, body
temperature, and inflammation [162]. With their presence in the cardiovascular system
both CBRs possess the ability to modulate basic cardiac function such as heart rate and
blood pressure [163]. Pathological upregulation of CB1R occurs in the cardiovascular
system, but with harmful effects. Following CB1R upregulation, oxidative stress,
inflammation, and fibrosis have been observed throughout various cell types of the
cardiovascular system which can further progress cardiac disease, dysfunction, and
damage [163]. On the other hand, CB2R seems to have protective attributes with
cardiovascular disease such as inhibiting fibrotic proliferation, decreasing inflammation,
and exerting positive effects in cardiomyocytes [210]. When using cannabis, a commonly
known side effect is an increase in appetite commonly referred to as the “munchies”. This
is believed to be driven by CB1R activity in the hypothalamus with endocannabinoid
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levels increasing during fasting and returning to normal after eating and appetite levels
can be diminished by CB1R antagonists [211, 212].
The broad spectrum of effects associated with cannabis use is not surprising when
considering the widespread distribution of its receptors. Cannabis’s endogenous receptor
CB1R has differing roles across many pathological conditions with both positive and
negative consequences related to CB1R expression and function [161]. Pharmacologically activating the receptor with agonists can even have phasic effects along with
unwanted side effects due to CB1Rs widespread distribution, illustrating the need for
better understanding of ECS signaling and regulation [213].

Behavioral Effects and Psychology of Cannabis Use
As mentioned earlier, THC is believed to be the psychoactive component
primarily responsible for many of the effects seen with cannabis use, including the
negative behavioral and cognitive consequences. Behavioral effects seen with people
under the influence are alteration of mood, an increase in sedation, low levels of attention
and alertness, and increases in anxiety while cognitive include faulty judgment and
perception, memory impairment, difficulty learning, and motor skill dysfunction [214].
Chronic use of cannabis can negatively affect brain development, decrease
academic performance and future achievements, and puts the user at high risk of
developing mental illness [194, 215, 216]. Accumulating genetic evidence suggests a link
between polymorphisms of cannabinoid receptors and other ECS genes and an increased
risk of developing schizophrenia [217-220].

Abuse and Dependence
As with other drugs of abuse, cannabis users are at risk of developing dependency
to the drug, known as cannabis use disorder (CUD) [221]. Drug abuse is a major health,
economic, and social concern that effects the entire population. According to the most
recent US survey of National Drug Use and Health there were 3.2 million new users of
illicit drugs over the age of 12 in 2017 compared to 2016; of which the overwhelming
majority were new cannabis users [185]. Currently, approximately 1 in 10 users of
cannabis become addicted [222] and that rate nearly doubles for those who start using as
adolescents [223]. As the number of users, frequency, and drug potency increase, a
potential consequence could be an increase in both the number and severity of adverse
health effects seen among cannabis users, including a higher prevalence of CUD [224].
Numerous factors contribute to drug use and the development of dependence.
Non-drug related factors are social and environmental such as stress, depression,
impulsivity, and peer pressure [225, 226]. Drug related factors are sensitivity and
tolerance [227]. One aspect of drug use that has been linked to addiction is the balance of
positive and negative effects that a new user undergoes during their first exposure.
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Individuals who experience a high degree of positive effects, such as the feeling of
euphoria or relaxation, are more likely to develop addiction than those that experience
limited positive effects or negative effects. Studies reporting subjective responses from
users have been done with a variety of drugs, including opioids [228], caffeine [229],
cocaine [230], and cannabis [231, 232]. Respondents from these studies who report
feeling the strongest positive effects have a shorter period before second exposure as well
as higher lifetime use, with a risk of progression to drug dependence. For cannabis, users
with the greatest positive responses were 28 times more likely to develop dependence as
those who did not experience positive effects during their first exposure [232]. These
studies provide evidence that a positive subjective experience with initial use of a drug
could be predictive of future use and addiction.
There is also evidence suggesting that the level of sensitivity an individual has to
a drug during their first exposure can affect subsequent use. Those who are naturally
insensitive have a heightened risk for abusing the drug later in life. Rodent models have
demonstrated this with morphine [233], alcohol [234, 235], and nitrous oxide [236], and
retrospective human studies corroborate this by establishing parallels between initial
insensitivity upon first exposure and increased use and dependence for opioids [228],
alcohol [237, 238], and cocaine [230]. Genetic factors are believed to be an important
determinant in observed differences in drug response and abuse [239-241]. CUD is
believed, in part, to be heritable and influenced by genetics [242, 243]. Genes that have
been linked to cannabis use and CUD are limited [244-247], leaving undiscovered what
genetic mechanisms and physiological processes are contributing to initial sensitivity and
development of abuse.
While attempts are being made to better understand the biochemistry of the
nervous system in response to cannabis use and develop targeted pharmacotherapies to
treat dependence, no clearly effective treatments have been established [248]. This is in
part due to a lack of a deeper understanding of the biochemical response of cannabis use,
particularly at the level of the individual. Developing preventative strategies for drug
addiction could go a long way in helping vulnerable, high-risk individuals.

Variation in Response
The more we learn about drug use, the less doubt there is that variation is seen
amongst individuals in their responses to drugs of abuse, including cannabis [231, 249].
Human studies using intravenous THC showed dramatic differences among individuals to
the primary psychoactive component of the drug [250, 251]. These differences illustrate
that underlying genetic mechanisms could be driving this fluctuating response.
Administration of cannabis, THC, and other cannabinoids in murine studies have also
been quantified among genetically distinct inbred strains of mice, including ddY, ICR,
Swiss Webster, C57BL/6J (B6), DBA/2J (D2), and C57BL/6JArc strains [252-255].
These animal model studies further support the evidence seen in humans that response to
cannabis and/or its components can vary and genetic differences among individuals are,
in part, governing the response.

12

CHAPTER 2. SEX AND STRAIN VARIATION IN INITIAL SENSITIVITY
AND RAPID TOLERANCE TO ∆9-TETRAHYDROCANNABINOL1

Introduction
Initial response to cannabis, THC, and other CB1R agonists has been measured
across a range of doses among several inbred and outbred mouse strains [252-261].
However, few of these studies have directly compared strain differences in response and
most do not include females, thus preventing analysis of sex differences. Despite marked
variation among individuals in the acute response to cannabis in humans [249], little is
known about the genetic factors mediating differential response or how initial sensitivity
and tolerance may contribute to risk of CUD. Few studies systematically address possible
genetic or sex differences in both initial response and tolerance to cannabinoids in human
or animal models.
In this study we begin to address these gaps in knowledge by profiling the
response to the main psychoactive substance in cannabis, THC, in males and females
from highly genetically divergent C57BL/6J (B6) and DBA/2J (D2) inbred strains of
mice. These strains differ at millions of loci [262] and are the progenitor strains for a
large and well characterized panel of recombinant inbred strains, the BXD population
[263]. Many phenotypes exhibit heritable (controlled by genetic factors) differences
among the B6 and D2 parental strains and their recombinant inbred BXD progeny,
including response to drugs of abuse—ethanol, nicotine, methamphetamine, cocaine, and
opioids [264-268]. The gene variants underlying these and other heritable differences
between B6 and D2 can be identified using forward genetic mapping approaches in the
BXD panel [269].
To begin to address potential genetic variation in specific molecular signaling
pathways that mediate response to THC, we measured behavioral and physiological
responses directly related to THC activation of CB1R in male and female B6 and D2
mice. These responses include diminished locomotor activity, hypothermia, and longer
latencies to respond to a thermal stimulus [270-274]. Specifically, we quantified initial
sensitivity as the acute response upon first exposure to THC and rapid tolerance as the
response upon the second exposure to THC.
Rapid tolerance was included because repeated daily administration of THC in
humans and animals produces rapidly diminished physiological responses (rapid
tolerance) within just a few days. This response may be linked to the rapid adaptation or
desensitization of the main neuronal receptor of the endocannabinoid system, CB1R
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[276]. We also compared overall rates of tolerance/desensitization following five
consecutive daily exposures to THC.
In this study we provide the first report of sex differences in the hypothermic
response to THC and genetic (strain) differences in initial sensitivity and rapid tolerance
to the locomotor and/or analgesic effects of THC. Identification of genetic differences
influencing sensitivity and tolerance to THC is important for understanding negative
aspects associated with acute (e.g. motor depression and intoxicating effects) and chronic
use (e.g. cannabinoid dependence and withdrawal), and for developing the therapeutic
potential (e.g. analgesic effects) of the endocannabinoid system.

Materials and Methods

Animals
B6 and D2 mice (at least 20 per strain) were purchased from the Jackson
Laboratory or bred in house as described below. All mice were aged to at least 60 days
prior to testing. At least one week prior to testing, animals were separated into individual
housing and handled daily. To reduce stress and anxiety responses throughout the study,
handling (with the exception of i.p. injections) consisted of lifting mice in either cupped
hands (avoiding any lifting by the tail) or a plastic lid from a pipette tip box [276-278].
Food and water were provided ad libitum and mice were maintained on a 12h:12h
light:dark cycle with lights on at 0600 h. All testing was performed during the light cycle
from 0700 h to 1600 h. All animal activities were approved by the University of
Tennessee Health Science Center Institutional Animal Care and Use Committee.

THC and Vehicle Formulation
THC was formulated in an ethanol:cremophor:saline (5:5:90) Vehicle (VEH)
followed by filter sterilization. The resulting formulation was stored in the dark and under
(4°C) refrigeration in a septum sealed vial. A new formulation was generated for each
cohort of mice and used within 1 week of formulation. The VEH was prepared in the
same manner. THC and VEH were administered by intraperitoneal (i.p.) injection at a
dose of 10 mg/kg such that a 30 g mouse received a 100 μL injection. The 10 mg/kg dose
was selected based on previous preclinical studies that demonstrate significant responses
(hypolocomotion, hypothermia, and/or antinociception) in a number of strains at this dose
[252-261].

THC Formulation Stability
Five μL of the formulation was removed immediately after preparation and 8 days
post preparation and each diluted with 100 microliters of methanol. The samples were
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analyzed immediately following sample preparation using high-resolution mass
spectroscopy (HRMS) on a Waters Xevo G2+S QTOF (Milford, MA) system in negative
mode.
A reversed-phase BEH C18 analytical column (2.1mm x 50 mm, 1.7mm particle
size, Waters, Milford, MA) was used for the LC separation. The mobile phase was 95%
water with 5% acetonitrile (solution A) and acetonitrile (solution B). A 5 min gradient
elution of 20% solution B; 1.5 min – 3.0 min, 20% to 100% solution B; 3.0 min – 4 min,
100% solution B; 4 min – 4.5 min 100% to 20% solution B back to initial condition and
finish at 5 min and a flow rate of 0.3 mL/min.
A PDA detector (Waters, Milford, MA) was used to measure the UV
chromatogram before mass spectrometer analysis. The THC eluted at 3.75 minutes with
a molecular mass of 313.2017 [M-H] (calculated for m/z C21H29O2 [M-H] 313.2173).
The THC peaks were integrated and the formulation stored for 8 days contained 95.2% of
the initial THC used in the formulation.

Phenotyping Pipeline A
An initial pilot study was performed first in B6 and D2 male mice (20 per strain)
purchased from the Jackson Laboratory. A separate cohort of female mice (18 per strain)
also purchased from the Jackson Laboratory was tested ~1 year later. Mice were
randomly assigned to the THC or VEH groups. The number of mice tested in this
pipeline were as follows: 4 VEH B6 females, 4 VEH D2 females, 4 VEH B6 males, 4
VEH D2 males, 14 THC B6 females, 14 THC D2 females, 16 THC B6 males, and 16
THC D2 males.
Mice were tested over seven consecutive days (Figure 2-1). No injections were
given on day -1 (acclimation). On day 0 (baseline) all subjects received a VEH injection
(100 μL per 30 g, i.p.) and on days 1 through 5 (treatment) all subjects received a VEH or
THC injection (i.p.). On each day, body temperature and motor activity were measured at
multiple time points (Figure 2-1). Because repeated testing within session can influence
behavior, tail withdrawal latency in response to a thermal stimulus was measured at a
single time point (60 minutes). Time points and THC dose (10 mg/kg) were selected
based on literature survey. Previous studies demonstrated that 10 mg/kg (i.p.) THC is the
lowest dose that reliably produced significant effects in locomotion, hypothermia and/or
antinociception relative to controls across a range of mouse strains (predominately
male)[252-261].
Temperature was measured using a ThermoWorks digital thermometer with rectal
probe adaptor at time 0, 30, and 60 min post-injection. Analgesia was measured 60 min
post-injection as the tail withdrawal latency to a thermal stimulus using a tail flick assay.
In this assay, mice were gently restrained in a 50 ml conical tube or by hand when mouse
would not remain calm in tube, and the tail was submerged approximately 2 cm in a 52ᵒC
water bath. The latency to remove the tail
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Figure 2-1.

Overview of phenotype testing pipelines.

An overview of treatments and test days is in the top panel. Testing occurred over 7 days.
On the first day, mice were acclimated to the testing paradigm for testing pipelines A and
B. Animals were not treated and data collected on this day were not analyzed. Baseline
data were collected on day 0 and all mice received a VEH injection (100 lL per 30 g body
weight, i.p.). On days 1 through 5, mice received either VEH or THC (10 mg/kg, i.p.)
treatment depending on their random assignment to either condition. At the indicated
time post-injection of VEH or THC, and on each day, mice were tested for the effect of
treatment on hypothermia (body temperature or Temp), locomotion (spontaneous motor
activity over 10 min in the open field or OF), and analgesia/antinociception (tail
withdrawal latency to a thermal stimulus or TF). VEH, vehicle; THC, D9–
tetrahydrocannabinol.
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in response to the thermal stimulus was recorded to the nearest 1/10 second by stopwatch.
Average tail flick latency was recorded based on two independent observers.
Motor activity was measured as the time spent mobile (spontaneous motor
activity) in a 40 cm x 40 cm open field at 0 and 75 min post-injection. Mice were gently
transported by hand or in a clear plastic box to the center of the open field and activity
was video-recorded for 10 min. Immobility was detected using AnyMaze (Stoelting)
software and was operationally defined as no movement for at least 3 sec. Mice were
habituated to the test room for one hour prior to testing.

Phenotyping Pipeline B
Male and female mice from a breeding colony at UTHSC (less than six
generations from the Jackson Laboratory stock) were used. Mice were randomly assigned
to THC or VEH groups. Males and females of both strains were tested together in several
small batches. Strain and sex were counterbalanced across batches and within daily
sessions. Up to eight mice were included in each session and up to four sessions were run
per testing batch. Mice were returned to their home cage between tests. Mice were
habituated to the test room for one hour prior to testing.
The testing schedule was similar to pipeline A with the exception that the
schedule was streamlined to increase throughput by measuring phenotypes at a single
time point (Figure 2-1) over a shortened time period (60 min) relative to pipeline A (85
min). Mobility in the open field was measured at 30 min post-injection and core body
temperature and analgesia were measured at 60 min post-injection. The number of mice
tested in this pipeline were as follows: 6 VEH B6 females, 6 VEH D2 females, 12 VEH
B6 males, 14 VEH D2 males, 16 THC B6 females, 13 THC D2 females, 17 THC B6
males, and 17 THC D2 males.

Statistical Analysis
Data from all cohorts and both phenotyping pipelines were combined for
statistical analysis. Statistical outliers (greater than 2 standard deviations from the mean
for each sex and strain by day and trait) were excluded from further analysis as were
individuals with technical artifacts (e.g. bad injection, AnyMaze software failure,
temperature probe failure, or mouse with obvious health issues). Data from days 0
through 5 were included in the analysis. Raw trait data (mobility and tail flick latency) for
each individual was transformed relative to baseline (day 0) by subtracting trait values for
each day by the trait values for day 0. Raw temperature trait data for each individual was
transformed relative to baseline (time 0) by subtracting trait values for each day (time 30
or 60) by trait values for time 0.
For each individual, response to treatment (THC or VEH) was calculated as the
area under the curve (AUC) using the plyr and MESS packages in R. The spline function
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[type = c("spline")] and the absolute area (negative and positive areas combined;
absolutearea=TRUE) were used with MESS package defaults for the auc function in
order to calculate AUC.
Omnibus ANOVAs were then performed on the AUC data using base functions in
R in order to determine trait response based on a number of independent factors. Time
mobile in the open field (a measure of the motor depressant effect of treatment), was
evaluated using a multi-factor ANOVA: AUCmobile ~ Treatment*Strain*Time*Sex.
Body temperature (a measure of the hypothermic effect of treatment), was evaluated
using a multi-factor ANOVA: AUCtemperature ~ Treatment* Time* Sex*Strain. Tail
flick latency to a thermal stimulus (a measure of the antinociceptive effect of treatment),
was evaluated using a multi-factor ANOVA: AUCtemperature ~ Treatment*Strain*Sex.
Factor order was arranged to maximize impact (F-value) of each factor on trait variation.
Post-hoc analysis [multifactor ANOVA and Tukey’s honest significant difference
(HSD)] was then performed to specifically evaluate the effect of sex and strain on initial
sensitivity and rapid desensitization to THC as described below.
Initial sensitivity was calculated for the THC group as the difference between day
1 (acute THC treatment) and day 0 (baseline). This difference score was calculated for
each individual and then averaged by strain and sex. Difference scores provide a more
direct method to investigate drug response and are more robust to the effects of batch
[279]. To determine the effect of strain and sex on initial sensitivity to THC for each trait
(y), multifactor ANOVA in the form of y ~ Strain*Sex was performed using base
functions in R. Post-hoc analysis to determine pair-wise significance between strains for
each sex and time point was performed using Tukey’s HSD test (TukeyHSD base
function in R).
Rapid tolerance was calculated for the THC group as the difference between day
2 (second THC exposure) and day 1 (acute THC treatment). This difference score was
calculated for each individual and then averaged by strain and sex. To determine the
effect of strain and sex on rapid tolerance to THC for each trait (y), multifactor ANOVA
in the form of y ~ Strain*Sex was performed using base functions in R. Post-hoc analysis
to determine pair-wise significance between strains for each sex and time point was
performed using Tukey’s HSD test as described above.

Results

Sex and Strain Differences in Psychomotor Response to THC
Results are summarized in Figure 2-2. Compared to VEH, treatment with THC
(10 mg/kg, i.p.) resulted in a significant reduction in the time spent mobile in the open
field [F(1,284) = 353.4, p < 0.001]. There was also a significant main effect of strain [B6
> D2; F(1,284) = 88.2, p < 0.001], post-injection time [75 min > 30 min > 0 min;
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Figure 2-2.

Motor response to THC.

(A) Time mobile in seconds (sec) in the open field for B6 and D2 females (top panel) and
males (bottom panel) at three time points (0, 30, or 75 min) post-injection of THC (10
mg/kg) or VEH. Trait data for every individual have been transformed relative to baseline
(day 0) by subtracting trait values for each day by the trait values for day 0 and averaging
data by strain, sex, treatment, day, and post-injection time. Data represented as mean –
SEM. Hypolocomotion is evident as early as 0–10 min (0-min time point) post-injection
on day 1 and is more prominent in males. Peak initial response to THC occurs at 75 min
post-injection on day 1. Both males and females of the B6 strain are more sensitive to the
locomotor effects of THC relative to both sexes of the D2 strain, and males are more
sensitive than females. Rapid tolerance is evident upon second exposure to THC and
results in a modest *25% (B6) to *50% (D2) increase in motor activity. However, full
desensitization (return to baseline levels) is not observed after five consecutive
treatments. (B) Initial response to THC is the difference between day 1 and 0 (baseline)
for the THC treatment group (average of each individual’s difference score). Significant
strain differences in initial sensitivity to the locomotor effects of THC were evident on
day 1 for both males and females at the 30 and 75 min post injection time points based on
Tukey’s HSD test. (C) Rapid tolerance to THC the difference between day 2 and 1 (THC
treatment group only). Rapid tolerance to the locomotor effects of THC is not evident at 0
min post-injection. Relative to D2 mice, B6 mice demonstrate significantly greater rapid
tolerance to the locomotor effects of THC at 30 min post-injection. B6 females exhibited
significantly greater rapid tolerance relative to D2 females at 30 min post-injection.
Significance defined as p < 0.05*, p < 0.01**, and p < 0.001***.
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F(1,284) = 43.6, p < 0.001], and sex [M > F; F(1,284) = 20.8, p < 0.001] on reduction of
locomotor activity.
The B6 strain was more sensitive to the motor depressant effects of THC relative
to D2 and this difference was enhanced at 30 and 75 min post-injection as indicated by
significant interactions between treatment and strain [F(1,284) = 43.3, p < 0.001], strain
and post-injection time [F(1,284) = 32.7, p < 0.001], and treatment, strain and time
[F(1,284) = 8, p < 0.01]. In addition, there were significant interaction between treatment
and sex [F(1,284) = 10.0, p < 0.01], time and sex [F(1,284) = 29.6, p < 0.001], and
treatment, time, and sex [F(1,284) = 29.6, p < 0.001], with males exhibiting an earlier
(post-injection time 0) and more pronounced response to the motor effects of THC
relative to females and vehicle treatment at 30 min post-injection.
Significant strain differences in initial sensitivity to the locomotor effects of THC
upon first exposure were observed at both the 30 min [B6 > D2; F(1,48) = 72.7, p <
0.001)] and the 75 min [B6 > D2; F(1,78) = 92.6, p < 0.001)] time point (Figure 2-2B).
At both 30 and 75 min post-injection of THC, B6 males and females demonstrated
greater initial sensitivity to the locomotor depressing effects of THC relative to D2 males
and females (p adjusted < 0.001; Figure 2-2B).
No significant main effects of sex or interaction effects were observed at these
time points. However, a trend for greater initial sensitivity to the locomotor effects of
THC in males relative to females was observed at the 30 min time point [F(1,48) = 72.7,
p = 0.06)]. A significant main effect of sex on initial sensitivity to the locomotor effects
of THC upon first exposure was observed at 0 min [M > F; F(1,78) = 14.3, p < 0.001]
post-injection of THC (Figure 2-2B). No significant effect of strain or interaction effects
were observed at this early time point.
Rapid tolerance to the locomotor effects of THC following two consecutive
treatments (day 2) was evident in males and females of both strains at 30 and 75 min
post-injection, but not at 0 min post-injection (Figure 2-2A). A significant main effect of
strain [B6 > D2; F(1,48) = 14.6, p < 0.001)] and a significant sex-by-strain interaction
effect [F(1,48) = 4.2, p < 0.05)] on rapid tolerance upon second exposure to THC was
observed at the 30 min post-injection only (Figure 2-2C). Post-hoc analysis of the 30
min post-injection time point revealed that B6 females exhibited significantly greater
rapid tolerance to the locomotor effects of THC relative to D2 females (p adjusted <
0.001, Figure 2-2C).
For B6 males and females, rapid tolerance to the locomotor effects of THC upon
second exposure accounted for a ~25% change in the direction of baseline levels of
activity at the time of maximal initial response (THC group, 75 min post-injection,
(Figure 2-2A). For D2 males and females, rapid tolerance to the locomotor effects of
THC upon second exposure accounted for a ~50% change in the direction of baseline
levels of activity at the time of maximal initial response (THC group, 75 min postinjection, (Figure 2-2A). For both strains and sexes, and at every time point post-
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injection, the return to baseline was still incomplete after five consecutive daily
exposures to THC (Figure 2-2A).

Sex and Strain Differences in the Hypothermic Response to THC
There were significant main effects of treatment [THC > VEH; F(1,181) = 106.4,
p< 0.001], post-injection time [60 min > 30 min; F(1,181) = 11.6, p< 0.001], and sex [F >
M; F(1,181) = 11.5, p< 0.001] on body temperature (Figure 2-3). In addition, a
significant time-by-sex interaction effect [F(1,181) = 3.7, p=0.05] and a non-significant
trend for a treatment-by-time interaction effect [60 min > 30 min; F(1,181) = 3.7, p=0.05]
on hypothermic response were detected. Females exhibited the largest response to
treatment and the magnitude of the treatment effect on hypothermia was greatest at 60
min post-injection.
There was a significant main effect of sex on initial response to THC [F(1,28) =
8.6, p < 0.01] at 30 min post-injection. There were no main effects of strain or sex-bystrain interaction effects on initial response to the hypothermic effects of THC at this time
point. At 60 min post-injection of THC there were significant main effects of sex [F(1,89)
= 8.4, p < 0.01] and strain [F(1,89) = 4.0, p < 0.05] on hypothermic initial response to
THC. At both post-injection time points, females exhibited greater initial sensitivity to
the hypothermic effects of THC relative to males (Figure 2-3B). At the 60 min time
point, the D2 strain exhibited greater initial sensitivity to the hypothermic effects of THC
relative the B6 strain (Figure 2-3B).
At 60 min post-injection (maximum initial response to THC) rapid tolerance to
the hypothermic effects of THC upon second exposure accounted for a 50% or greater
change in the direction of baseline body temperature (~70% in B6 females, ~50% in B6
males, ~80% in D2 females, and ~65% in D2 males; Figure 2-3A). In contrast to the
mobility trait, the return to baseline was complete by the third exposure to THC in both
strains, sexes and post-injection time points (Figure 2-3A).
At 30 min post-injection of THC, there was a significant main effect of sex on
rapid tolerance to THC-induced hypothermia [F(1,28) = 12.8, p < 0.05)]. At 60 min postinjection of THC, there was a significant main effect of both sex [F(1,81) = 9.6, p <
0.01)] and strain [F(1,81) = 4.2, p < 0.05)] on rapid tolerance to hypothermia. Relative to
males, females exhibiting significantly greater rapid tolerance to the hypothermic effects
of THC at both time points and the D2 strain exhibited greater rapid tolerance at 60 min
post-injection relative to the B6 strain (Figure 2-3C).

Strain Differences in the Antinociceptive Response to THC
We observed significant main effects of treatment [THC > VEH; F(1,152) = 50.6,
p< 0.001] and strain [D2 > B6; F(1,152) = 9.8, p< 0.01] on tail flick latency in response
to a thermal stimulus (Figure 2-4). The D2 strain exhibited longer tail flick latencies
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Figure 2-3.

Hypothermic response to THC.

(A) Body temperature (oC) for B6 and D2 females (top panel) and males (bottom panel)
at three time points (0, 30, or 60 min) post-injection of THC (10 mg/kg) or VEH. Trait
data for every individual have been transformed relative to baseline (time 0) by
subtracting 30- and 60-min trait values for each day by the trait values for time 0 and
averaging data by strain, sex, treatment, day, and post-injection time. Data represented as
mean – SEM. Profound hyperthermia is evident in both strains at 30 min post-injection
on day 1 and is more pronounced in females. Peak initial response to THC occurs at 60
min post-injection. Rapid tolerance upon second exposure results in a substantial increase
in body temperature toward baseline in both strains and sexes. Desensitization is
complete in both strains and sexed by the third exposure to THC. (B) Initial response to
THC is the difference between day 1 and 0 (baseline) for the THC treatment group.
Females demonstrate significantly greater hypothermia after a single exposure to THC at
30 and 60 min post-injection relative to males. At the 60-min time point only, a
significant main effect of strain was observed, in which the D2 strain exhibits greater
sensitivity to the hypothermic effects of THC relative to the B6 strain. There were no
significant interaction effects observed between strain and sex. (C) Rapid desensitization
to THC is the difference between day 2 and 1 (THC treatment group only).
Desensitization to the hypothermic effects of THC is evident for both strains, sexes, and
post-injection times by the third day of treatment. Females demonstrate significantly
greater rapid tolerance to the hypothermic effects of THC at all time points. At the 60min time point, the D2 strain exhibits slightly greater rapid tolerance relative to B6.
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Figure 2-4.

Antinociceptive response to THC.

(A) Tail withdrawal latency in response to a thermal stimulus for B6 and D2 females (top
panel) and males (bottom panel) 60 min post-injection of THC (10 mg/kg) or VEH. Trait
data for every individual have been transformed relative to baseline (day 0) by
subtracting trait values for each day by the trait values for day 0 and averaging data by
strain, sex, treatment, day, and post-injection time. Data represented as mean – SEM. A
significant increase in tail flick latency following THC treatment is evident in both strains
and sexes. Rapid tolerance upon second exposure is more prominent in the D strain and
desensitization is nearly complete in both strains by the fifth treatment, especially in
females. (B) Initial response to THC is the difference between day 1 and 0 (baseline) for
the THC treatment group (average of every individual’s difference score). The D2 strain
(both sexes combined) demonstrates significantly greater analgesia after a single
exposure to THC relative to the B6 strain. (C) Rapid desensitization to THC is the
difference between day 2 and 1 (THC treatment group only). Significant rapid
desensitization to the analgesic effects of THC upon second exposure was observed for
the B6 strain relative to the D2 strain.
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relative to the B6 strain. There were no significant main effects of sex and there were no
significant interaction effects on tail flick latency. There was a significant strain
difference in initial response to the antinociceptive effects of THC upon first exposure
relative to baseline (Figure 2-4B) with the D2 strain exhibiting greater sensitivity relative
to the B6 strain [F(1,107) = 6.5, p < 0.05)]. No significant sex differences in initial
response were observed.
For both strains and sexes, rapid tolerance to the antinociceptive of THC upon
second exposure accounted for a ~30 to 60% change in the direction of baseline
(Figure 2-4A). D2 females and males exhibited greater rapid tolerance (~50 and 60%,
respectively) relative to B6 females and males (~30 and 40%, respectively). The return to
baseline was mostly complete in females of both strains by the fourth exposure to THC,
however, males of both strains did not completely return to baseline by the fifth exposure
(Figure 2-4A). There was a significant main effect of strain [F(1,100) = 7.4, p < 0.01) on
rapid tolerance to the antinociceptive effects of THC, and D2 mice exhibited greater rapid
tolerance to the analgesic effects of THC upon second exposure relative to B6 mice
(Figure 2-4C). No significant main effect of sex or sex-strain interaction effects on rapid
tolerance were observed.

Discussion
Here we provide the first comprehensive sex by strain comparison of initial
response and rapid tolerance to THC, the main psychoactive component in recreational
use cultivars of cannabis. We report strain differences in initial response to the
locomotion (B6 > D2) and antinociceptive/analgesic effects (D2 > B6) of THC (10
mg/kg, i.p.). We also observe strain differences in rapid tolerance to the analgesic effects
of THC (D2 > B6) and sex differences in hypothermic responses to THC (F > M).
The response traits measured—locomotion, hypothermia, and antinociception—
are all due to the direct action of THC at CB1R, evidenced by the fact that genetic or
pharmacological deletion of CB1R renders mice insensitive to the ability of THC and
other CB1R agonists [270-274] to produce these effects. Based on cell-type-specific
deletion of CB1R, the cellular mediators of these response traits may be projection
neurons in cortex and striatum [134].
This study provides strong support for the hypothesis that genetic variants
between B6 and D2 in CB1R signaling pathways, potentially in discrete cortical and/or
striatal neuronal populations, may mediate strain differences in initial response and/or
rapid tolerance to THC. It is highly likely that preexisting genetic variation between B6
and D2 strains is the main cause of differential sensitivity to the locomotor and analgesic
effects of THC upon first exposure. In support of this hypothesis, short-term selective
breeding (three generations) for sensitivity or resistance to the initial motor depressant
effects of THC in adolescent F2 mice derived from B6 and D2 demonstrated that this trait
was indeed moderately heritable and controlled by segregating gene variants between B6
and D2 [280].
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The precise genetic factors driving differences in THC initial response between
B6 and D2 genetic backgrounds is unknown, however, our group has reported preexisting
differences in CB1R protein levels in striatum of B6 and D2 [281]. This difference in
striatal CB1R levels (B6 > D2) has the potential to directly mediate initial response
variation between strains to the motor depressant (B6 > D2), but not the analgesic effects
of THC (D2 > B6). However, the relationship between gene variants, CB1R levels, and
trait variation is not so straightforward.
The striatum is a key modulator of psychomotor responses to drugs of abuse and
CB1R in striatal neurons mediates the psychomotor effects of THC [134]. Consistent
with the decreased tolerance to the motor effects of THC, other human and animal studies
have also reported higher levels of CB1R following repeated cannabinoid exposure in the
striatum relative to cortex and hippocampus [275, 282, 284, 285].
Importantly, there are no variants of predicted high impact in the cognate
cannabinoid receptor 1 gene (Cnr1), no concomitant change in transcript levels, and no
evidence of genetic regulation of transcript expression [281]. Thus, strain differences in
striatal CB1R levels are likely the result of genetic variation at other, yet to be identified
gene loci involved in regulation of CB1R levels, endogenous cannabinoid levels, and/or
signaling pathways.
Tolerance is likely caused by CB1R downregulation (receptor internalization
resulting in decreased levels of the receptor) and/or desensitization (modifications of the
receptor or signal transduction pathway that decrease signaling) [282, 283]. Relative to
the very rapid tolerance observed for the hypothermic effects of THC (~3 days males and
females) and the antinociceptive effects of THC (~5 days in females) we observed much
less tolerance to the l effects of THC in males and females of both strains.
Rapid tolerance following two consecutive exposures to THC was evident for
hypothermia and analgesia traits. For both traits, the sex and/or strain with the highest
level of initial sensitivity also possessed the highest level of rapid tolerance at matched
time points post-injection of THC. This inverse relationship suggests the involvement of
the same underlying genetic factors and regulatory pathways. Genetic correlation
between traits in populations derived from B6 and D2 or quantification of CB1R levels at
baseline and following consecutive THC treatments could be used in future to interrogate
the relationship between initial response and rapid tolerance in more detail.
Identification of sex differences in the response to cannabis use and abstinence in
humans and cannabinoid response in preclinical models has been hindered by the failure
to include an equal representation of female to male subjects in the vast majority of
studies [286, 287]. Nevertheless, sex differences in response to cannabis or cannabinoids
have been reported in some clinical and preclinical studies [288-292] suggesting that sex,
along with genetic factors, could contribute to individual variation in risk of adverse side
effects of cannabis use and risk of CUD.
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In this study we have evaluated a balanced number of male and female subjects
and report large sex differences primarily for hypothermic responses (both initial
sensitivity and rapid tolerance) to THC. Sex differences in rapid tolerance to the
hypothermic effects of THC have also been reported in rats. Female Wistar rats displayed
more rapid tolerance to inhaled THC (200 mg/mL x2 daily) relative to males [293] as did
female Sprague-Dawley rats (30 mg/kg THC delivered x2 daily s.c.) relative to males and
ovariectomized females [294]. Taken together these studies suggest a possible role for
estrogen, at least in the development of tolerance to the hypothermic effects of THC.
However, the exact signaling mechanism and underlying circuitry influencing sex
differences in response to THC have not been elucidated.
There are several caveats that need to be addressed. First, we were primarily
focused on initial response and rapid tolerance to THC. Thus, the phenotyping pipeline
explored an abbreviated exposure to THC spanning five daily exposures and does not
address the effects of chronic cannabinoid exposure and withdrawal. Second, humans
typically consume cannabis in the native state and are therefore exposed to ~100
constituent cannabinoids whose targets and interactions are still not well understood.
Here, we have only profiled the response to a single main psychoactive component, THC.
However, further investigation with cannabinoid mixtures is warranted and could help
elucidate the molecular mechanisms underlying the response to other cannabinoids, such
as CBD, or effects from the combined actions of constituent phytocannabinoids and
terpenes.
In conclusion, this study provides strong evidence that genetic factors in the form
of segregating variants between B6 and D2 genomes influence response to THC.
Ultimately, forward genetic strategies in mouse populations with divergent behavioral
and physiological responses to THC and other cannabis constituent components can be
leveraged to identify genes that reduce adverse health consequences and/or maximize
therapeutic properties of cannabis or cannabinoid based therapeutics.
Genetic populations derived from B6 and D2, such as the recombinant inbred
BXD population, can now be used to identify the enigmatic genetic factors modulating
cannabinoid initial sensitivity and rapid tolerance. Derived by crossing the highly
genetically and phenotypically divergent B6 and D2 strains followed by inbreeding of the
resulting progeny, the BXD family is the largest and best characterized genetic reference
population currently available.
This population is segregating for ~6 million sequence variants, multiple levels of
molecular and behavioral data have been quantified for many individual BXD strains,
and this family has been used extensively to study genetic variation in traits related to
cognitive function [295-301], anxiety [265, 302, 303], schizophrenia [304], and response
to drugs of abuse such as ethanol, nicotine, methamphetamine, cocaine, and opioids [264268]. The availability of deep phenome data and marked trait variation in cognitive,
sensorimotor, anxiety, and addiction-like behavior makes the BXDs an ideal population
for investigating behavioral and physiological responses to THC and other cannabinoids.
Future phenotyping efforts quantifying initial sensitivity and rapid tolerance to THC in
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the BXD panel are expected to result in the identification of key endocannabinoid
signaling genes mediating the response to THC.
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CHAPTER 3. GENETIC VARIATION IN INITIAL SENSITIVITY TO THC
AMONG BXD RECOMBINANT INBRED STRAINS

Introduction
Animal genetic reference populations, such as the BXD recombinant inbred (RI)
strains derived from crossing B6 and D2 mice used in this study (Figure 3-1), are a
valuable resource for studying genetic drivers of an array of phenotypes, including
response to and abuse of alcohol and drugs [265, 266, 305-309]. With over 100 BXD
lines available [310], this panel of mice is the largest and best characterized genetic
reference population available for genetic variation studies. This population has over 6
million segregating sequence variants with roughly 10,000 known recombinations and
has been used in a multitude of behavioral studies including cognitive function, anxiety
and stress, mental illness, and response to various drugs [265, 267, 298, 299, 311-313].
GeneNetwork (RRID:SCR_002388) collects and makes publically available the data
from many of these studies, making it the largest repository of BXD data on the web
[310, 314, 315]. This pre-existing, accessible phenome and genetic data on behavior and
drug response makes using the BXD panel for this study even more enticing. There are
other mouse genetic reference population that exist to help perform systems genetics
studies on complex traits, such as the Diversity Outcross [316] and Collaborative Cross
[317]; however, the BXD population is the best for a systems level analysis due to
mapping power and resolution, genotype density, strain availability, depth of data
(genetic to molecular to physiological to behavioral), availability of analysis tools, and
cost effectiveness.
System genetic studies often focus on quantitative traits. Quantitative traits have
continuous, scalar variation (ex: blood pressure, height, IQ) and are affected by multiple
genes and interactions with the environment. To complicate things further sometimes
these traits can also be impacted by epistasis or pleiotropy. Due to this, quantitative traits
are sometimes referred to as polygenic or complex traits. These traits are often studied
through modeling mouse physiological and behavior assays that allow for detection of
quantitative trait loci (QTLs) loci for traits that contain at least a modest level of
heritability. QTLs are areas of the genome that are at least in part affecting a phenotype.
QTL mapping locates these genetic segments to allow for investigation into the genetic
basis of quantitative traits and the potential identification of candidate variants and genes.
Data from the BXD reference population also allows correlation and comparison analysis
among tested traits from within one study and other studies where the BXDs are used and
the data is accessible.
Testing a phenotype and then using molecular tools to determine casual genetic
mechanisms is known as forward genetics; in contrast to reverse genetics where you
manipulate a gene and observe the outcome. A forward genetics study design can be
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Figure 3-1.

Production of recombinant inbred BXD lines.

The BXD mice were generated by first crossing B6 and D2 inbred strains. The F1 mice
are then crossed creating genetically diverse, but non-reproducible F2 offspring. The F2
mice are then inbred for 20 or more generations to achieve full homozygosity at every
loci. These stable and reproducible recombinant inbred (RI) progeny derived from B6
and D2 are known as the BXDs.
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applied and used to investigate susceptibility and sensitivity to drugs, such as THC. This
can potentially help identify individuals who have a pre-disposition for developing
dependence and use disorders.
Here we test the same THC response traits seen in Chapter 2 with the parental B6
and D2 strains among a subset of the BXDs. A preliminary number of BXD strains
(N=20) was used in this study. Strain and sex differences were analyzed for each tested
trait as well as heritability of the traits. Trait correlation analysis was performed between
the BXD THC response traits and existing GN BXD legacy trait data measuring response
to drugs of abuse. QTL mapping was performed for all traits. We expect these phenotypic
traits to be heritable, with variants in genes between the B6 and D2 parental strains being
the driving force of any observed variable response. These genetic mechanisms will be
discovered using forward genetic mapping methods with the BXD RI reference
population. Genes controlling initial response to THC could also modulate response to
other drugs of abuse which will be reflected by correlations between THC response data
and legacy trait data from other drugs of abuse in the BXD population.

Materials and Methods

Experimental Subjects
BXD mice are maintained in a large breeding colony at the University of
Tennessee Health Science Center by the Center for Integrative and Translational
Genetics. Mice from this colony were made available upon weaning as part of a pilot
project. Each strain was composed of mice from 1 to two litters. The age range of mice
on the first day of testing was between 57 to 154 days old. Mice were assigned to testing
cohorts consisting of a maximum of 32 mice. Due to the small number of strains included
in the pilot project and limited availability in the breeding colony, counterbalancing of
strain, sex and condition across cohorts was not possible. At least one week prior to
testing, mice were separated into individual housing and handled daily. Handling
consisted of lifting mice in either cupped hands (avoiding any lifting by the tail) or a
plastic lid from a pipette tip box. Food and water were provided ad libitum and mice were
maintained on a 12 h:12 h light:dark cycle. All testing was performed during the light
cycle from 7 am to 4 pm. All animal activities were approved by the University of
Tennessee Health Science Center Institutional Animal Care and Use Committee.

THC and Vehicle Formulation
THC was formulated in an ethanol:Cremophor:saline (5:5:90) vehicle followed by
filter sterilization. The resulting formulation was stored in the dark and under (4C)
refrigeration in a septum sealed vial. Vehicle was prepared in the same manner. THC
and vehicle were administered by intraperitoneal (i.p.) injection at a dose of 10 mg/kg
such that a 30 g mouse received a 100 μL injection volume. Each formulation was used
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for the entire testing schedule of each cohort (see details below). Previously we
demonstrated that after 8 days, the THC formulation contains 95.2% of the initial amount
of THC [318].

Testing Schedule
Mice of each strain were randomly assigned to THC (~3 per sex and strain) or
vehicle (VEH, ~2 per sex and strain) groups, Table 3-1 contains exact numbers. Mice
were tested over seven consecutive days. The BXD pipeline mirrored pipeline B from the
parental study (Figure 2-1). The first day (Day -1) no injections were given. The second
day (Day 0), all mice received an injection of VEH (10 mg/kg). On Days 1 through 5
mice assigned to the THC group received daily injections of 10 mg/kg THC and mice in
the VEH group received daily injections of VEH. On each day, body temperature, latency
to withdrawal the tail in response to a thermal stimulus, and activity in the open field
were measured at multiple time points in the same animal. Rectal body temperature was
measured using a ThermoWorks digital thermometer with a mouse rectal probe adaptor at
time 0, and 60 min post-injection. Tail withdrawal latency was measured 60 min postinjection by gently restraining each mouse in a 50 mL conical tube. The tail was then
submerged ~ 2 cm in a 52ᵒC water bath. The latency to remove the tail in response to the
thermal stimulus was recorded to the nearest second. In most cases, latency to tail flick
was measured by two independent experimenters and the resulting scores were averaged.
Time spend mobile or immobile (periods of no movement lasting for 3 or more secs) and
total distance traveled were measured 30 min post-injection in a 40 x 40 x 40 cm open
field over a 10 min interval using video recording and ANY-maze (Stoelting) tracking
software.

Initial Response to THC
Data from day 0 and day 1 were included in the analysis. Individual data points
were removed for technical reasons only (e.g. equipment failure during recording). Day 0
and day 1 were analyzed independently to look for any significant interactions on testing
days. Initial response was calculated for each group (VEH or THC) as the difference
between day 1 and day 0 (baseline). This difference score was calculated for each
individual and then averaged by strain and sex. Difference scores provide a more direct
method to investigate drug response and are more robust to the effects of batch (note that
counterbalancing was not possible in the pilot study design). To determine the effect of
strain and sex on initial response to THC for each trait (y), multifactor ANOVA in the
form of y ~ Strain*Sex was performed using base functions in R.
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Table 3-1.

Summary of BXD strains.
Strain
BXD 1
BXD 11
BXD 14
BXD 15
BXD 16
BXD 43
BXD 44
BXD 48a
BXD 62
BXD 66
BXD 71
BXD 73
BXD 73a
BXD 74
BXD 75
BXD 77
BXD 83
BXD 87
BXD 100
BXD 101

Sex
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
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THC Vehicle
2
1
0
0
1
1
0
0
5
4
3
2
3
3
0
0
3
2
3
2
2
2
5
4
3
2
3
3
4
3
3
2
3
2
3
2
2
2
3
2
2
2
2
3
3
3
3
3
3
3
3
2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
2
2
3
2
3
2
3
2
3
2
3
2
4
2

Statistical Analysis of THC Response
Data from day 0 (VEH treatment) and day 1 (THC treatment) were used in a three
between-subject (treatment*strain*sex) analysis of variance. The analysis was performed
using base functions in R (anova.lm function). Response during habituation on day -1
was not analyzed. Individual BXD data points were only removed for technical reasons
(e.g. equipment failure during recording). Initial response to THC was calculated as the
difference between day 1 and day 0 (baseline). This difference score was calculated for
each individual and then averaged by strain and sex. Difference scores provide a more
direct method to investigate drug response and are more robust to the effects of batch
(note that counterbalancing was not possible in the study design). Individual B6 and D2
initial response data points were excluded from further analysis if they were found to be
two standard deviations above or below the mean values calculated within strain and sex.
The low number of replicates among BXD strains precluded outlier analysis (Table 3-1).
To determine the effect of strain and sex on initial response to THC for each trait (y),
multifactor ANOVA in the form of y ~ Strain*Sex was performed using base functions in
R (anova.lm function). Strain averaged sensitivity traits for mobility and analgesia
(Record IDs 21481 and 21483, respectively) have been uploaded to the GN resource. A
trend towards an interaction between condition and sex was detected for the hypothermia
trait. Thus, strain averaged hypothermia trait values were separated by sex and uploaded
to the GN resource (Record IDs 21485 and 21487).

Heritability
Heritability (H2) is an estimate of the proportion of the trait variation that can be
explained by genetic factors. Broad sense H2 was estimated for each sex using two
different methods based on the variance components of a one-way ANOVA (y ~ Strain).
First, H2 was calculated by comparing the between-strain variance with the total variance
or between- and within-strain or environmental variance [319]. This can be calculated
from an ANOVA results table by dividing the between-strain sum of squares (SS strain)
term by the sum of the between-strain and within-strain (total) SS terms [320]. Second,
H2 was estimated using the Intraclass Correlation Coefficient (ICCest function in the ICC
package in R) to determine how closely individuals within the same strain resemble each
other.

Genetic Mapping
Two different methods were applied to compute quantitative trait loci (QTL)
probability given strain genotypes and initial responses to THC using the GeneNetwork
(GN) web service [RRID:SCR_002388]. The first method applied was traditional simple
regression (Haley-Knott or HK) and the second was genome-wide efficient mixed model
association (GEMMA) [321] with the “leave one chromosome out” (LOCO) option. Prior
to performing genome scans, each trait distribution was checked for normality using the
Probability Plot function in GN. All raw trait data were approximately normally
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distributed and used for QTL mapping as quantile normalization did not impact QTL
scores. For both HK and GEMMA, a dense panel of 7,321 markers was used for
mapping. QTL were considered noteworthy if they reached a genome-wide suggestive
level (p < 0.63, equivalent to a 63% probability of a false positive or one false positive
per genome scan) following permutation (1000 tests) using the HK method and
overlapped the peak marker association [-log(p) > 3] detected using GEMMA. At the
time of writing permutation was not yet enabled in GN for GEMMA and was performed
separately for each as described in [322]. For trait 21481, the 95th percentile (significant)
threshold and 67th percentile (suggestive) threshold was 4.8 and 3.8 LOD, respectively.
For trait 21483, the 95th percentile (significant) threshold and 67th percentile
(suggestive) threshold was 4.5 and 3.6 LOD, respectively. For trait 21485, the 95th
percentile (significant) threshold and 67th percentile (suggestive) threshold was 4.7 and
3.7 LOD, respectively. For trait 21487, the 95th percentile (significant) threshold and
67th percentile (suggestive) threshold was 4.7 and 3.7 LOD, respectively.
It should be noted that QTL scans performed on smaller subsets of BXDs, as in
our study of 20 strains, are expected to result in identification of suggestive QTLs of
large effect. Smaller effect QTL may go undetected when the number of strains in the
mapping population is low. For traits demonstrating a normal distribution, it is assumed
that additional phenotyping in a larger number of randomly selected individuals from the
population will boost the significance level of large effect QTL and result in the detection
of additional smaller effect QTL. For example, a mapping population comprised of 20
BXD strains with 4 replicates per strain is only powered to detect a QTL explaining 50%
of the trait variance whereas a population size of ~80 strains with 4 replicates per strain is
well powered to detect a QTL explaining 20% of the trait variation at 80% power [323].

Candidate Gene Search
A 1.5-LOD drop from the peak marker (HK mapping) was used to define an
approximate ~95% confidence interval (CI) for a QTL of interest [324]. For each QTL
CI, a complete list of mouse reference genes was generated using the UCSC Genome
Browser (RRID:SCR_005780) Table Browser Tool (Group: Genes and Gene Predictions;
Track: NCBI RefSeq; Genome: GRCm38/mm10). Genes in the CI were then prioritized
based on several criterion. First, all variants distinguishing B6 and D2 within each QTL
CI were identified using Sanger’s Mouse Genome Project Mouse_SNPViewer/rel-15050
(RRID:SCR_011784). Specifically, SNPs, InDels, and structural variants (SVs)
distinguishing B6 and D2 and their predicted consequences were retrieved and compared
(by gene symbol) to reference genes located within the boundaries of each QTL CI. Next,
legacy mRNA datasets available in GN for BXD brain tissue were queried to identify
genes located in each QTL CI whose expression was modulated by variants located
within or near the location of the gene itself—a cis expression QTL (eQTL). Brain region
data sets (cortex, hippocampus, hypothalamus, nucleus accumbens, striatum) were
selected based on regulation by cannabinoid receptor signaling, CB1R expression, and
the potential to influence our initial response traits. Datasets included: Hippocampus
Consortium M430v2 (Jun06) [GN Accession: GN110 and GEO Series: GSE84767];
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INIA Hypothalamus Affy MoGene 1.0 ST (Nov10) [GN Accession: GN281 and GEO
Series: GSE36674]; HQF BXD Neocortex ILM6v1.1 (Feb08) RankInv [GN Accession:
GN284]; VCU BXD NA Et vs Sal M430 2.0 (Oct07) [GN Accession: GN156]; VCU
BXD PFC Sal M430 2.0 (Dec06) RMA [GN Accession: GN135; GEO Series:
GSE28515]; HQF Striatum Affy Mouse Exon 1.0ST Gene Level (Dec09) RMA [GN
Accession: GN399]. Probes that overlap polymorphic SNPs between B6 and D2 and have
cis eQTLs with higher expression associated with the B6 allele (ILM6v1.1 and M430
data sets only) are flagged in this table as expression measurements could be biased in the
direction of B6 due to technical probe hybridization artifacts. Finally, a search for
relevant biological function (i.e. endocannabinoid/cannabinoid receptor signaling) was
conducted using the RatsPub web service (RRID:SCR_018905) to search through
PubMed (RRID:SCR_004846) literature abstracts for associations between cannabinoidrelated terms and gene symbols for each QTL CI. A secondary search was performed for
high priority candidate genes using the RatsPub web service in order to place these genes
in a broader context of addiction and psychiatric diseases.

BXD Exploratory Phenome Analysis
Two recent studies quantified initial response to multiple drugs of abuse (cocaine,
alcohol, morphine) or intravenous cocaine self-administration among BXD RI strains
[325,326]. Both studies also included large numbers of BXD strains, including at least 12
of the strains used to generate our THC initial response data. Associated drug response
traits from these studies have been deposited into the GN BXD Published Phenotypes
Database. For these reasons, we selected BXD drug response and cocaine selfadministration traits from these studies for comparison with THC initial response traits
generate in our study. Trait data (averaged by strain and sex) was obtained with the Get
Any search function in GN using the following input: 2681503 19958391(PubMed IDs).
This resulted in 790 traits. The BXD legacy traits mined from GN were further filtered to
include traits whose descriptions included the terms cocaine, ethanol, MDMA, or
morphine and DID NOT include the terms baseline control, control for MDMA, novel
open field behavior, or saline control response. Finally, traits were retained for
correlation analysis if there were at least 12 matched BXD strains shared between BXD
legacy trait data and the THC initial response traits. A total of 368 traits (excluding the
four initial THC response traits) were included for correlation analysis. Traits were
assigned to general categories based on phenotype and whether or not the trait was
measured in females, males, or both. The Pearson correlation coefficient and
corresponding p-values were calculated for each of the four THC initial response traits
and all 314 BXD drug response traits. Significant correlations were associated with a pvalue < 0.05.
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Results

Variation in Initial Response to THC among BXDs
Activation of CB1R in discrete neuronal populations (Monory et al. 2007) by
THC results in a well characterized trait spectrum that includes a reduction in
spontaneous locomotion, hypothermia, and analgesia. Genetic or pharmacological
deletion of CB1R abrogates these effects (Compton et al. 1996; Huestis et al. 2001;
Ledent et al. 1999; Rinaldi-Carmona et al. 1994; Zimmer et al. 1999). Thus,
quantification of mobility, hypothermia, and analgesia following THC exposure is a
highly specific method to measure response to THC mediated through CB1R signaling
pathways. In a previous study, we identified strain and sex differences in mobility,
hypothermia, and analgesia following THC exposure (10 mg/kg) between the parents of
the BXD family— B6 and D2 (Parks et al. 2020). Here we test the hypothesis that
polymorphic variants segregating among B6, D2, and their BXD RI progeny cause
differences in the initial response to THC. If response to THC is variable among BXD
strains and can be attributed to heritable genetic factors, forward genetic mapping in the
BXD population has the potential to identify variants in effectors of CB1R signaling
causing this variation.
Treatment (i.e. baseline values on day 0 compared to day 1 values following THC
treatment) had a significant (all p-values < 0.001) main effect on the expression of all
three initial response traits in our BXD cohort. Relative to the VEH treatment on day 0,
treatment with THC on day 1 reduced time spent mobile in the open field (F1,220 =
743.11, p < 0.001), decreased body temperature (F1,232 = 588.27, p < 0.001), and
increased the latency to withdraw the tail in response to a thermal stimulus (F1,230 =
141.34, p < 0.001). Strain also contributed significantly to response variation for mobility
(F21,220 = 7.74, p < 0.001), hypothermia (F21,232 = 3.0, p < 0.01), and analgesia
(F21,230 = 2.89, p < 0.001). A significant main effect of sex was observed for
hypothermia (F1,232 = 11.07, p < 0.01) and analgesia (F1,230 = 7.24, p < 0.01).
Importantly, a significant condition-by-strain interaction effect was observed for mobility
(F21,220 = 7.40, p < 0.001) and hypothermia (F21,232 = 2.81, p < 0.001). A significant
sex-by-condition interaction was also observed for the hypothermia trait (F1,232 = 6.81,
p < 0.01).
Initial responses (differences from baseline) to THC measured in 20 BXD strains
are summarized in Figure 3-2. There was a significant effect of strain on initial response
to THC for the mobility (F21,102 = 9.03, p < 0.001) and hypothermia (F21,112 = 2.73, p
< 0.001) traits. There was a significant main effect of sex (F1,112 = 8.14, p < 0.01) and a
trend towards a sex-by-strain interaction effect (F12,112 = 1.58, p = 0.08) on initial
response to THC for hypothermia. No main effect or interaction effect of sex was
observed for initial response to THC on mobility. No significant main effects of strain or
sex on initial response to THC were detected for analgesia.
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Figure 3-2.

Initial response to THC in the recombinant inbred BXD strains.

There is wide phenotypic variation in both sex and strain to the initial effects of THC (10
mg/kg) among the BXD population. Strains are on the x-axis and initial response
(difference between response on day 1 and response on day 0) is on the y-axis. Negative
values indicate a decrease in response on Day 1 compared to Day 0 and positive values
indicate an increase. Parental strains are indicated in blue (B6) and red (D2) and BXD
strains are in numerical order by strain number in alternating black and gray. (A) There is
a significant (p < 0.001) effect of condition, strain, and condition-by-strain on initial
response to the motor depressing effects of THC as measured by time mobile in the open
field 30 min post-injection. B6 and BXD strains 16 and 87 have greater motor depression
following exposure to THC and D2 and BXD strains 71 and 83 have less sensitivity. (B)
The antinociceptive effects of THC also had a significant effect of condition (p < 0.001)
and strain (p < 0.05) as measured by tail flick withdrawal latency at 60 minutes postinjection. D2 and BXD strains 14, 15, and 73a have greater sensitivity to the analgesic
effects of THC while BXD strains 75, 77 and 87 have less sensitivity. (C) There was
main significant effect of condition (p < 0.001), strain (p < 0.001) and sex (p <.05) to the
initial response of hypothermic effects of THC and significant interactive effects of
condition-by-strain (p <0.001) and condition-by-sex (p < 0.05). Body temperature was
measure 60 minutes post-injection. Female BXD strains 62, 71, and 101 and male BXD
strains 16, 77, and 87 have greater sensitivity to the hypothermia inducing effects of THC
while female BXD strains 83 and 43 and male BXD strains 11, 48a, and 74 have less
sensitivity.
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Two different methods (H2 and the ICC) based on the variance components of a one-way
ANOVA were used to estimate heritability—the contribution of genetic factors to trait
variation—in initial responses to THC among our subset of BXD strains (Table 3-2). In
general, THC response traits demonstrated high heritability. Tail withdrawal latency (a
measure of analgesia) was an exception. Higher heritability was observed for the mobility
and hypothermia traits, which indicated a strong contribution of genetic factors to
phenotypic variation. Mobility and hypothermia traits also demonstrated sexual
dimorphism with regards to heritability. Time mobile had higher heritability in males
whereas hypothermia had higher heritability in females. The overall initial response
distribution for each trait within males and females of each strain can be found in Figure
3-3.

Initial Response to Mobility and Hypothermia Influenced by Chr 11
Examination of correlation structure can provide evidence of underlying coregulation of trait expression due to genetic, biological, or environmental factors. We
observed a significant (p < 0.01) and positive correlation between time mobile (males and
females combined) and hypothermia (males only) following the first exposure to THC in
our cohort of 20 BXD strains (Figure 3-4). Note that the hypothermia trait was separated
into male and female responses because each sex responds differently to THC (i.e. there
was a significant condition-by-sex interaction effect). Hypothermic response to THC in
males and females was modestly and positively correlated (but not significant). This was
also observed for the hypothermic response in females and time mobile following THC
treatment. In contrast, THC-induced analgesia was uncorrelated with the mobility and
hypothermia traits.
Our subset of 20 BXD strains was underpowered for mapping small effect QTL.
However, heritability estimates were high for several initial THC response traits (i.e.
change in time mobile in the open field in response to THC), indicating strong regulation
of trait expression by genetic factors. To explore the potential for future genetic mapping
studies of these traits in a larger BXD panel, we performed QTL scans for all traits. As
expected, no genome-wide significant QTLs (LOD > ~3.5) were detected for any trait
(Figure 3-4B) using traditional interval mapping (HK) methods. However, suggestive
QTLs (LOD > 2.5) were detected for all THC initial response traits (Table 3-3).
Moreover, the highly correlated mobility and male hypothermia traits were co-regulated
by a QTL on Chr 11 with a 1.5 LOD drop confidence interval (CI) between 80 and 90
Mb (Figure 3-4B).
Shared genetic co-regulation of mobility and male hypothermia traits on Chr 11
was also replicated using a different QTL mapping method (GEMMA) that leverages
linear mixed-models and accounts for population family structure (Figure 3-4C).
Suggestive QTLs for initial response to the hypothermic (Chr 19 in males and Chr 13 in
females) and analgesic (Chrs 1 and 4) effects of THC were also replicated across both
QTL mapping methods. However, the mobility (Chr 11) and analgesia QTL (Chr4) did
not meet the suggestive threshold using GEMMA. Additional suggestive QTLs were
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Table 3-2.

Estimates of heritability among BXD and parental strains.

IS Trait
Time Mobile
Hypothermia
Analgesia

H2 (F)
0.70
0.57
0.30

H2 (M)
0.75
0.47
0.35

ICC F
0.52
0.33
-0.05

ICCM
0.58
0.17
0.02

Notes: IS = initial sensitivity; H2 = broad sense heritability; ICC = intraclass coeffient
estimate of heritability; F = female; M = male.

Figure 3-3.

Distribution of initial response traits.

Strains are shown on the X-axis and the Y-axis shows response (difference between
baseline day 0 and day 1). Male and female responses for each trait are shown in the left
and right columns, respectively.
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Figure 3-4.

THC initial response trait correlations and genetic co-regulation.

Trait correlation network constructed after calculating Pearson’s correlation on ranked
trait values to generate Spearman’s rank order correlation coefficient (Rho or Ρ). The
hypothermia trait was split by sex due to a condition-by-sex interaction effect on body
temperature change in response to THC. Changes in time mobile in the open field and
body temperature in males following a single THC (10 mg/kg) exposure are significantly
(p < 0.01) correlated. Weak (not significant) correlations are also observed between
immobility and hypothermia in females following a single THC exposure and between
changes in male and female hypothermia in response to THC. (B) Genetic regulation of
THC initial response traits is observed, albeit at a suggestive level with no traits passing
the threshold for genome-wide significance (p < 0.05). Interval maps for each trait shown
as a different line color corresponding to the correlation network in (A). The strength of
association (LOD) on the Y-axis is plotted for each trait across the genome (megabase
position on each chromosome or Chr) on the X-axis. Change in mobility and male body
temperature are regulated by the same suggestive locus on Chr 11 (zoomed region in
boxed area). (C) Use of an alternative linear mixed-model QTL mapping method
(GEMMA, see methods) resulted in replication of genetic co-regulation of initial motor
and hypothermia THC response traits from the same Chr 11 interval. Strength of
association or -log(P) values (Y-axis) shown for each marker (blue dots) within the Chr
11 QTL interval for mobility and temperature (males) initial THC response traits.
Mapping with linear mixed-models can account for population family structure or kinship
within the BXD population that is not addressed using traditional interval mapping. SNP
density plotted in orange on the X-axis. (D) Scatterplot describing the relationship
between average change in time mobile in the open field in response to THC (X-axis) and
average change in male body temperature in response to THC (Y-axis) for each BXD
strain based on Pearson’s correlation on ranked trait data.
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Table 3-3.

Summary of suggestive QTLs for THC initial response traits.

Trait
Time Mobile
Hypothermia
(M)
Hypothermia (F)
Analgesia

LOD
2.8#
3.2#
2.5#
2.6#
2.9#
2.5#

Chr
11
11
19
13
1
4

1.5 LOD CI (Mb)
80,036,498–90,077,597
80,036,498–89,612,498
27,531,578–36,395,869
107,382,731–115,929,261
168,144,357–172,235,364
102,851,020–109,169,766

GEMMA-log(p)(Peak Chr:Mb)
3.2 (Chr11:89,612,498)
3.9# (Chr11:82,187,018)
3.7# (Chr19:32,887,054)
3.7# (Chr13: 110,449,36)
3.9# (Chr1: 170,949,421)
3.3 (Chr4: 107,548,653)
4.3# (Chr5: 53,611,846)

Notes: LOD = logarithm of the odds score based on traditional simple regression; Chr =
chromosome; CI = confidence interval; # = meets suggestive genome-wide threshold; F =
female; M = male. Bold text indicates overlapping QTL sharded by mobility and
hypothermia (male) traits and italicized text indicates QTL detected only using GEMMA.

42

detected only by the linear mixed-model mapping method for analgesia (Chr 5) response
traits.

Effectors of Endocannabinoid Signaling Identified as Positional Candidates for
THC Initial Response QTLs
As a first step towards identification of variants and genes modulating initial
responses to THC, we prioritized several suggestive QTLs for exploration of putative
candidate genes From Table 3-3, we selected the Chr 11 locus modulating both mobility
and male hypothermia in response to THC and loci on Chrs 19 (male hypothermia), 13
(female hypothermia), Chr 1 (analgesia), and Chr 4 (analgesia) that were replicated using
both HK and GEMMA mapping methods. Following a standard workflow we identified a
number of genes near or overlapping SNPs, InDels, or SVs, some of which are predicted
to have an impact on transcript or protein integrity (e.g. missense, stop gain or loss, splice
region variant, frameshift). Based on evidence in support of genetic regulation of gene
expression by cis eQTLs in naïve BXD brain tissue and literature associations with
relevant cannabinoid terms, we nominated several high priority positional candidates for
each prioritized QTL. Top positional candidates include Ndufs2 (Chr 1 Analgesia QTL);
Scp2 (Chr 4 Analgesia QTL); Rps6kb1/p70s6K (Chr 11 Mobility and male Hypothermia
QTL); Pde4d (Chr 13 female Hypothermia QTL); and Pten (Chr 19 male Hypothermia
QTL) (Table 3-4). These genes are likely to play a role in modulating initial response to
THC based on location within modulatory QTL, genetic variation between the progenitor
strains of the BXDs, evidence of genetic regulation of gene expression in BXD brain
tissue, and previously reported involvement in endocannabinoid/cannabinoid receptor
signaling pathways. Below we summarize the evidence in support of these top positional
candidates.
NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 (Ndufs2) is a positional
candidate for modulation of the analgesic response to THC. Ndufs2 encodes a core
subunit of the mitochondrial Complex 1. The gene also contains both missense and
putative splice region variants and demonstrates evidence of genetic regulation of
expression in the form of cis eQTLs in naïve BXD hippocampus, hypothalamus,
neocortex, nucleus accumbens, and prefrontal cortex. Moreover, Ndufs2 has been
implicated in mediating response to cannabinoids. Activation of mitochondrial CB1Rs
resulted in a decrease in PKA-dependent phosphorylation of oxidative phosphorylation
proteins, including NDUFS2, and a concomitant decrease in brain mitochondrial function
that was associated with cannabinoid-induced synaptic depression and amnesia [170].
Sterol carrier protein 2 (Scp2) is another positional candidate for modulation of
the analgesic response to THC. The SCP2 protein has been proposed to regulate brain
endocannabinoid levels and, thus, endocannabinoid system function [334, 335]. The Scp2
gene contains a putative splice region variant and shows evidence of genetic modulation
of expression (cis eQTL) in naïve BXD neocortex and prefrontal cortex.
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Table 3-4.

Summary of genes with high impact variants within QTL CIs.

Position

Genes

SNP SV High
or
Impact
InDel

cis
eQTL

Priority Genes

Rps6kb1/p70s6kC,
AatfC, AcacaHCP.
Akap1YCN, Ankfn1Y,
Bcas3Y, Car4S, Ccl1,
Ccl11, Ccl3, Ccl5,
CltcC, Cuedc1HC,
DgkeHYC, Dhrs11Y,
Dhx40H, Dynll2Y,
Gdpd1/Gde4,
Ggnbp2C, Heatr6HYCN,
Mks1Y, Mrm1C,
Mrps23H, Msi2HC,
Myo19Y, Ppm1dHN,
Scpep1HY, Slfn8C,
Trim25CN, Usp32HN,
Wfdc18C
PtenN,
2700046G09RikHYCN,
Atad1HN, Papss2HCN,

Chr 11: Mobility and
Hypothermia (M)

212

130

34

60

33

Chr 19: Hypothermia (M)

105

53

6

3

5

Chr 13: Hypothermia (F)

107

46

8

8

12

Chr 1: Analgesia

91

60

11

29

23

Chr 4: Analgesia

107

68

15

14

16
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Pde4dCS, Ercc8C,
Map3k1C, Plk2N,
Plpp1P, Rab3cHC,
Zswim6H
Ndufs2HYCNP,
Adamts4HCN,
Alyref2CN, Arhgap30H,
Cd84CN, Fcer1gHYC,
Fcgr3YCS, Klhdc9Y,
Nit1HYCNP, Pfdn2HYNP,
PpoxHCNPS, SdhcHCNPS,
Ufc1HCNP, Usp21C
Scp2CP, Acot11HYN,
Cc2d1bY, Kti12N,
Mroh7YC, Ndc1HC,
PodnC, Rab3b,
Tceanc2YCS, Txndc12C,
Zcchc11HN, Zfyve9HCN,
Zyg11bHNP

Table 3-4.

(Continued).

Notes: Number of genes or noncoding RNA (ncRNA) within each interval (Genes
column), number of genes or ncRNA near or overlapping a SNP or InDel (SNP or InDel
column), number of genes or ncRNA overlapping a SV (SV column), and number of
genes or ncRNA containing a high impact SNP or InDel (High Impact column) are
shown for each THC initial response QTL. Number of genes within each QTL CI whose
expression is regulated by a cis eQTL are shown in the cis eQTL column. High priority
candidate QTL genes (QTGs) associated through literature searches with
endocannabinoid/cannabinoid signaling whose expression (underline), regulated by a cis
eQTL in at least one brain region (Y = hypothalamus, C = neocortex, S = striatum, N =
nucleus accumbens, P = prefrontal cortex) and/or overlap a SV or high impact SNP or
InDel (bold) are shown in the Priority Genes column.
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Ribosomal Protein S6 kinase (Rps6kb1) is a positional candidate for modulation
of the effects of THC on both mobility and hypothermia in males. The gene Rps6kb1
encodes the 70-kDa ribosome protein S6 kinase (p70S6K) and contains a predicted splice
region variant. Expression of Rps6kb1 is modulated by a cis eQTL in neocortex.
Activation of the G-protein coupled CB1R by THC triggers cascades of intracellular
signaling, including activation of phosphoinositide-3 kinase (PI3K)/Akt/glycogen
synthase kinase 3 (GSK-3) and subsequent activation of the serine/threonine kinase
mammalian target of rapamycin (mTOR). P70S6K is a downstream target of mTOR
whose activation is associated with protein synthesis and regulation of different cellular
states (e.g. survival, growth, or autophagy). The CB1R/mTOR/p70S6K signaling
pathway in GABAergic interneurons in hippocampus was found to mediate THC-induced
long-term memory deficits [323,336]
Phosphodiesterase 4D, cAMP specific (Pde4d) is a positional candidate for
modulation of the hypothermic response to THC in females. Phosphodiesterase 4
hydrolyzes cAMP and plays a role in mediating cAMP signaling pathways and
neuroadaptations favoring drug reinforcement, tolerance and dependence [337-340].
Phosphodiesterase inhibitors have shown some efficacy in reducing drug seeking
behavior or intake of psychostimulants, alcohol, and opioids in preclinical models [341].
There are four isoforms of Phosphodiesterase 4, including the positional candidate
PDE4D, which expresses 11 alternative splice variants and exhibits widespread
expression in brain [341]. Expression of Pde4d is modulated by cis eQTLs in naïve BXD
neocortex and striatum and the gene locus contains a missense variant as well as a
putative splice region variant.
Phosphate and tensin homolog (Pten) is a positional candidate for the modulation
of the hypothermic response in males. Highly expressed in brain, Pten encodes a dual
protein and lipid phosphatase enzyme that has been proposed to interact with
neurotransmitter receptors, including NMDA receptors (Ning et al. 2004) and serotonin
5-HT2C receptors [342], and regulate their activity. Disruption of the interaction between
PTEN and serotonin 5-HT2C receptors in the ventral tegmental area (VTA) has been
shown to inhibit the firing rate of dopaminergic VTA neurons projecting to the nucleus
accumbens [342]. Moreover, disruption of this interaction also blocked the ability of
THC to enhance the firing rate of dopaminergic VTA neurons and subsequent THCinduced conditioned place preference [342] suggesting that interactions between PTEN
and serotonin receptors may mediate some of the behavioral effects of cannabinoids and
other drugs of abuse [343]. The expression of Pten in naïve BXD nucleus accumbens is
modulated by a cis eQTL and there are 59 variants located within or near the gene locus,
although the impact of these variants on gene function or expression is not clear.

Positional Candidates Associated with Other Drugs of Abuse
For each high priority positional candidate or QTL gene (QTG) we explored
broader associations with over 300 addiction and psychiatric disease key words using a
newly developed resource: Relationship with Addiction Through Searches of PubMed
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(RatsPub). This search finds sentences in PubMed that contain both the gene of interest
and keywords relevant to drugs of abuse, addiction, and psychiatric disease. Our overall
goal was to place provisional endocannabinoid signaling QTGs identified in our study
into a broader biological context. Given the broad modulatory effects of the
endocannabinoid system on brain function, we hypothesized that THC initial response
QTGs would also be associated with diverse signaling in response to other drugs of abuse
and psychiatric disorders.
Pten (Chr 19 male Hypothermia QTG), Rps6kb1/p70S6K (Chr 11 Mobility and
male Hypothermia QTG), and Pde4d (Chr 13 female Hypothermia QTG) were the most
well connected QTGs in terms of associations with drugs of abuse and psychiatric
disease. All three of these QTGs are associated with terms related to stress, anxiety,
depression, and schizophrenia. Rps6kb1/p70S6K and Pten were associated with terms
related to alcohol, amphetamine, cocaine, nicotine, opioid, phychedelics and
sensitization. Pde4d was associated with terms related to nicotine and psychedelics. Pten,
Rps6kb1/p70S6K, and Pde4d were also associated with neuroplasticity,
neurotransmission, signaling and transcription terms in support of their known roles in
these biological processes. Moreover, these three QTGs have also been implicated in
brain regions relevant to drug abuse and psychiatric disease as evidenced by their
literature co-citation with relevant terms (e.g. accumbens, amygdala, cortex, habenula,
hippocampus, or striatum).
Although less well-connected, the QTGs Ndufs2 (Chr 1 Analgesia QTL) and Scp2
(Chr 4 Analgesia QTL) were also associated with neuroplasticity, signaling, transcription,
stress, and hippocampus terms. In addition, Ndufs2 was associated with schizophrenia
terms and Scp2 was associated with alcohol-related terms.

Initial Response of THC and Other Drugs Correlate
Recent studies quantified initial response to several drugs of abuse (i.e. cocaine,
alcohol, morphine) or intravenous cocaine self-administration among a large set of BXD
RI strains [265,266]. BXD traits associated with these studies are available in GN and are
of sufficient strain depth to facilitate a moderately well-powered and exploratory
correlation analysis with THC initial response traits. We hypothesized that strong
correlations between initial response to THC and initial response or self-administration of
other drugs of abuse among BXD strains was indicative of shared genetic and/or
biological co-regulation.
From our background list of 314 BXD legacy traits, we found 45 significant (p <
0.05) correlations between 43 drug response or self-administration traits and one or more
of our THC initial response traits. Several interesting correlation patterns were evident
between initial responses to THC and BXD legacy cocaine, ethanol, and morphine
response traits (Figure 3-5). One of the most striking patterns was an enrichment of
significant and positive correlations between THC-induced analgesia and initial
locomotor responses to morphine (50 mg/kg i.p.) from 90 to 150 min post-injection.
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Figure 3-5.

Summary of significant correlations between initial response to THC and BXD legacy drug response traits.
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Other patterns emerged as well: (1) significant and positive correlations between
THC-induced hypothermia (females) and naloxone-induced (30 mg/kg i.p.) withdrawal
from morphine (50 mg/kg i.p.), (2) significant and positive correlations between cocaine
self-administration and THC-induced immobility, (3) sex-specific and significant
correlations between THC-induced hypothermia and preference for cocaine, and (4)
significant correlations between both THC-induced immobility and hypothermia
(females) and initial motor response and tolerance to ethanol.
The role of sex on trait covariation was not explicitly quantified in this
exploratory analysis, however, strong correlations were detected between each THC trait
and both sex combined (F + M) and sex separated (F or M) BXD legacy trait
measurements. Finally, correlation patterns did not appear to be driven by genetic coregulation of cannabinoid and drug response traits from shared loci (i.e. peak QTLs for
correlated traits were non-overlapping). Instead these correlation patterns indicate shared
biological mechanisms and/or more complex genetic modulation driving response to
THC and other drugs of abuse.

Discussion
In this study we show that strain differences in initial responses to THC between
B6, D2, and their BXD progeny are heritable (Figure 3-2 and Table 3-2). Thus, genetic
mapping of THC response traits in the BXD family will lead to the identification of
genomic loci, variants, and genes that modulate trait variation. Candidate QTGs will
almost certainly be direct or indirect effectors of endocannabinoid signaling given that
the THC response traits measured in our study are entirely downstream of CB1R
signaling. To this end, we identified multiple QTLs and positional candidate
endocannabinoid signaling QTGs (Pten, Rps6kb1/p70S6K, Pde4d, Ndufs2, Scp2) that
may control variation in initial response to THC (Tables 3-3 and 3-4). Many of these
candidates mediate responses to other drugs of abuse. Moreover, we found significant
correlations between initial responses to THC and behavioral responses to cocaine,
alcohol, and morphine (Figure 3-5). Taken together, we provide strong evidence that
gene variants in endocannabinoid signaling pathway genes are responsible for individual
variation in initial THC response and are likely to cause variation in the behavioral
responses to other drugs of abuse.
Our genetic screen for natural variation in traits modulated by effectors of
endocannabinoid signaling was designed to identify specific genes and pathways
involved in the response to THC. Targeted genetic deletion has revealed insight into the
integral role of CB1R in response to THC. However, little is known about the role of
natural variation in response to cannabinoids. A handful of genes (e.g. CADM2, NCAM1,
NRG1, CSMD1, and CHRNA2) have been associated with cannabis use or dependence in
human genome-wide association studies [244-247, 344]. The underlying mechanisms
whereby these genes mediate use or dependence to cannabinoids or interact with the
endogenous cannabinoid system has yet to be elucidated, with one notable exception.
Heterozygous Nrg1 (Neuregulin) mutant mice, in which one copy of the gene contains a
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deletion of the transmembrane region, are more sensitive to the initial locomotor
suppressant and behavioral effects of THC [345] and develop more rapid tolerance to the
motor suppressant effects [346] relative to control mice. Differences in cannabinoid
responses were accompanied by modest increases of CB1R levels in substantia nigra and
significant decreases in both thalamic NMDA receptor levels and striatal dopamine D2
receptor levels in naïve heterozygous Nrg1 mutant mice relative to controls [347] .
Association of NRG1 variants with cannabis dependence in humans and independent
preclinical evidence for a role of Nrg1 in initial response to cannabinoids is striking and
suggests that identification of additional genes that modulate endocannabinoid signaling
and cannabinoid response is warranted.
To date, no human studies have addressed the impact of genetic variation on acute
or chronic pharmacological or behavioral responses to cannabis or derived cannabinoids.
Greater understanding of the genes and pathways mediating responses to cannabinoids is
important for at least two reasons. First, identification of variants in endocannabinoid
signaling pathways will help us better understand behavioral responses to cannabinoids,
including risk of cannabinoid dependence, and provides the opportunity to decouple
unwanted side effects with therapeutic properties of cannabinoid drugs (e.g. motor
impairment versus analgesic effects of THC). Second, endocannabinoid pathways
represent common points of convergence highly relevant for understanding the molecular
response to many drugs of abuse and the biological mechanisms underlying addiction
processes.
There are strong correlations between initial response to THC and initial response
or self-administration of cocaine, morphine, and alcohol among BXD strains that could
be indicative of shared genetic and/or biological co-regulation. The endocannabinoid
system (e.g. lipid ligands, biosynthetic and catabolic enzymes, G-protein coupled
receptors and effectors of signaling) plays an important role in modulating synaptic
plasticity, behavior, and reward circuitry. Cannabis, cannabinoids, and non-cannabinoid
drugs of abuse have been shown to disrupt endocannabinoid system function and
signaling, and these changes may contribute to addiction processes [348]. For example,
exposure to alcohol and opioids has been shown to increase the level of endocannabinoid
system ligands (e.g. AEA or 2-AG) in rodent brain reward regions [349-352]. Moreover,
activation of CB1Rs in some rodent models has been shown to enhance the rewarding
effects of alcohol and opioids through both dopamine dependent and independent
pathways [353-355]. Both cocaine [356-359] and alcohol [360,361] exposure has been
shown to alter CB1R-mediated plasticity in rodent brain reward regions (e.g. striatum,
VTA, NAc, and/or BNST).CB1R-mediated plasticity and signaling is also important for
mediating response to opioids [362,363]. Thus, the endocannabinoid system converges at
many points with other neurotransmitter systems to mediate drug response and alter
behavior following drug exposure.
We hypothesized that correlations between initial response to THC and responses
to alcohol, cocaine, or opioids in the BXD population resulted from the convergence of
genes and pathways that mediate both effects. Indeed, we observed striking correlations
between THC and opioid responses (enhanced sensitivity to the analgesic effects of THC
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and enhanced sensitivity to the motor stimulant effects of morphine), THC and cocaine
responses (enhanced sensitivity to the motor suppressant effects of THC and higher
active lever presses for cocaine), THC and ethanol responses (enhanced sensitivity to the
motor suppressant and hypothermic effects of THC and enhanced sensitivity to the motor
stimulant effects of ethanol), and THC and withdrawal from alcohol and opioids
(enhanced sensitivity to the motor suppressant effects of THC and higher levels of
withdrawal from alcohol in contrast to lower levels of precipitated withdrawal from
opioids). The results of this exploratory correlation analysis suggest underlying shared
genetic and biological regulation. Of interest, no single shared locus could account for the
covariance in drug response traits, indicating complex regulation by multiple loci, genes,
and variants. Importantly, our exploratory analysis identified individuals of the BXD
population with extreme responses to multiple drugs of abuse. These individuals can be
leveraged to directly test predictions about drug response and to identify mediators of
behavioral responses to both cannabinoid and non-cannabinoid drugs using both genetic
(QTL mapping) and pharmacological (through targeting of specific pathways) methods.
Our study marks the first and largest attempt to quantify genetic factors mediating
initial responses to THC in males and females of a rodent genetic population. While we
have made an important contribution to the field, there are some limitations of our study
that will need to be addressed by future experiments. First, THC traits were profiled in a
subset of 20 BXD strains which limits our ability to detect QTLs of small effect size. All
QTLs identified in our study are suggestive after accounting for genome-wide testing. It
is likely that these loci will be replicated in an independent or larger cohort of BXD
strains. We emphasize that this replication will be required to confirm QTLs and QTGs
prioritized by our study. Other aspects of our study design limit translatability somewhat
and should be addressed by future studies. These include the use of a single major
component of cannabis (THC), use of a single dose (10 mg/kg), and quantification of
acute physiological responses to THC as opposed to chronic exposure, dependence and/or
withdrawal. Finally, we were agnostic to genetic variation in cannabinoid metabolic
pathways in this study.
QTL mapping of all traits resulted in a few interesting peaks, mostly at the
suggestive level, with peak values increasing when mapping with GEMMA. The lack of
strong QTLs is not surprising when you take into account the preliminary number of
BXD strains used in this study (N=20). The lack of power 20 strains provides can be
demonstrated by a more established dataset. The experiment involving morphine
hypolocomotion contains 64 BXDs and has a strong, pronounced QTL peak on
chromosome 10 (5 Mb, 39.33 LRS, Figure 3-6). When strains are randomly removed
down to 40 strains it still holds significant, but has a large drop in value (LRS 20.9).
When cut down to 20 strains, the number used in this study, the peak drops below
significance and is now at a similar level of suggestive that the THC trait peaks are
located at (12.85 LRS). Using a power analysis tool developed by David Ashbrook at
UTHSC and colleagues, based on traits average heritability and locus effect sizes we
would need to increase strain number somewhere between 40 and 50 strains to obtain
significant QTL peaks (Figure 3-7). This simulation might also provide some support
that a trait with a normal distribution in the BXD population and a suggestive QTL when
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Figure 3-6.

Exercise in mapping power with number of BXD strains.

Using existing morphine hypolocomotion data in GeneNetwork to demonstrate the loss in
power when randomly reducing the number of BXD strains from its original 64 down to
20. GeneNetwork trait ID for data is 11312.
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Figure 3-7.

Power calculation of BXD family

Power calculator that estimates how many BXD strains needed before having significant
QTLs when mapping. A heritability of 0.5 and locus effect size of 0.4 was used based on
preliminary data with replicates of 2 or 3 mice per group. For QTL peaks to reach
significant levels we would need to increase strain number between 40 and 50.
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mapped with a small number of strains might reach later reach significance at the same
QTL when a larger number of strains are tested.
Drug metabolism is an important biological process that impacts response to
drugs of abuse and susceptibility to addiction. Based on trait correlation structure and
genetic mapping, it is unlikely that strain differences in THC metabolism contributed to
trait variation in all three of our initial response traits (e.g. mobility, hypothermia, and
analgesia). It will be important in the future to establish whether sex or strain differences
in THC metabolism contribute to variation in response and whether there are functional
variants that impact THC metabolism in rodents. Several functional human variants
(alleles) have been identified for cannabinoid metabolism genes [364]. The impact of
these variants on response to cannabinoids and addiction is not clear, although a small
study reported a trend towards increased sensitivity to THC in individuals homozygous
for the CYP2C9*3 allele associated with slower clearance of THC [365].
Ultimately, our study demonstrates the feasibility of genetic mapping in the BXDs
to identify underlying biological and genetic factors contributing to response to THC and
other drugs of abuse. We have taken important first steps towards the identification of
loci and genes that modulate initial responses to THC. We have also provided evidence
of covariation among drug response traits, although the underlying causal factors remain
elusive. Finally, we have identified BXD individuals with extreme responses to acute
THC exposure. Identification of BXD individuals with greater initial sensitivity to THC
will facilitate more detailed genetic analysis of intake, reward, withdrawal, tolerance, and
the behavioral impact of cannabinoids on motivation, cognition, and health. The genetic
architecture of behavioral and pharmacological response to cannabis and cannabinoids is
difficult to reconstruct using currently available human data sets. A better understanding
of trait correlation structure and regulation by underlying genetic variation in diverse
rodent models is expected to help bridge these gaps and direct the focus of future human
studies. Development for people suffering from cannabis use disorder and could also lead
to screening for at-risk individuals who would be more susceptible to marijuana’s adverse
health effects.
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CHAPTER 4.

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions
There are significant strain and sex differences in the cannabinoid-induced tetrad
test between two genetically diverse inbred mouse strains, B6 and D2. We also
demonstrate significant strain differences in the locomotor (immobility) and
antinociceptive effects of THC. However, the hypothermic response to THC is more
prominent in females. There are also prominent strain differences in the rapid tolerance of
antinociceptive effects of THC and sex differences in hypothermic responses.
This is the first quantitative and comprehensive analysis of sex-by-strain
differences in initial responses and tolerance to THC. The response traits measured here
have been shown by other investigators [252-261] to be consequences of CB1R agonist
activity. We have established that the differential responses in locomotor and analgesia
traits are driven by genetic variants segregating between the two strains, as well as
downstream effects mediate by CB1R signaling. Strain-by-sex differences cause variation
in THC hypothermic responses.
The results from B6 and D2 strains warranted deeper investigation into variable
THC response. The BXD recombinant inbred genetic reference population, derived from
the B6 and D2 strains, provided a great source of genetic variation for testing. Testing
these strains for THC response had many advantages including: (1) validating strain
and/or sex differences, (2) determining heritability of the traits, (3) discovering
correlations among the THC traits and with other drug response traits, and (4) data
generation to begin exploring genetic mechanisms influencing these traits. All three
tested traits are heritable and have significant strain differences, including hypothermia,
which was not significant between the B6 and D2 parental strains. The sex difference in
hypothermia in the parental strains held true among the BXD strains. THC response traits
possess strong positive correlations with response traits from other drugs of abuse
including alcohol, morphine, and cocaine, giving evidence for shared biological
mechanisms underlying a variety of drug responses. Finally, we were able to begin the
search for casual genetic mechanisms with QTL mapping and identifying candidate
genes. Each trait had suggestive peaks, but one gene of interest, Rps6kb1, stood apart as
an especially interesting candidate. The expression of this gene was regulated by a ciseQTL and there was published evidence linking Rps6kb1 to endocannabinoid pathway
translational control and a role in modulating THC’s amnesic properties. A potential
limitation of the study was that Rps6kb1 possesses many sequence variants between B6
and D2 that segregate among the BXD strains. Thus, immediate identification of a causal
variant with an impact on function is not possible without further experimental
manipulation.
Strong statistical significance of genetic factors on THC response traits in parental
strains combined with high trait heritability of traits in the data obtained from the BXD
strains (N=20) gives great confidence for the involvement of genetics factors in THC
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responses. However, a lack of power became apparent with QTL mapping and the search
for potential casual genes. Increasing the number of BXD strains would be expected to
improve both the number of QTLs detected and peak significance levels leading to the
discovery of more candidate genes for all traits. Other experiments need to be performed
to corroborate the data and explore different physiological functions that could be
affecting THC response traits. This may include validation of differential gene expression
using qPCR and validation of sequence variants by traditional Sanger Sequencing
methods.

Phenotype Testing with Genetically Altered Mice
One way to test if a gene is contributing to an observed phenotype is by
manipulating the function of that gene. Genetic knockout (KO) models are a prominent
experimentation tool for gene function in animal studies. Interestingly, a KO mouse
model already exist for one of our candidate genes (Rps6kb1) and is available from
Jackson Laboratory (Stock #031508). Running these mice through the THC response
pipeline would be an interesting start, but the background strain for this mouse is
BALB/cByJ. Results from a KO model with the higher expressing B6 strain would
provide better comparison and stronger evidence with the current data to the effect of
eliminating this gene. To accomplish this a new KO mouse with B6 background needs to
be created or Rps6kb1 expression manipulated through other technologies.
Modulation of gene expression has been traditionally accomplished through
transduction (viral) or transfection (nonviral). These are methods that insert foreign DNA
or RNA into a cell, producing genetically modified cells or organisms. These techniques,
particularly viral mediated methods, have become more common in studies involving
behavior and the CNS [326]. Some attractive attributes of using viral transduction in vivo
is the ability to inject the virus in a certain region and design the virus to infect specific
cell types. These methods could be used to knockdown gene expression of Rps6kb1 in B6
mice in the striatum to see its effects on locomotion and temperature in response to THC.
A second method that could be used is the more recent, but well established
CRISPR/Cas9 technique [327]. With this technology specific loci in the genome can be
targeted for gene editing. In summary, a guide RNA (gRNA) is attached to the Cas9
nuclease and directs the nuclease to the target of interest where the DNA is cleaved. At
this site you can perform precise gene editing and introduce purposeful mutation, such as
reversing a SNP, or allow the cell to undergo the error prone non homologous end joining
DNA repair pathway, introducing mutations and effectively knocking out the target gene.
In a previous study our lab performed the former. A non-coding variant in GABRA2 that
reduced protein expression levels was identified in the B6 strain [328]. Using the
CRISPR/Cas9 system with a DNA repair template this variant was reversed and GABRA2
protein levels were restored. If the causal variant were to be identified in Rps6kb1 this
same approach can be used in the D2 strain to see if they become more sensitive to the
hypolocomotion effects of THC. CRISPR/Cas9 can also be used on Rps6kb1 in the B6
strain to KO the gene, potentially making it more resistant to the hypolocomotion effects.
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Investigation into the Pharmacogenetics of THC Response

Distribution and Metabolism of THC
Pharmacokinetics of Cannabis/THC exposure needs to be examined, specifically
distribution and metabolism. Variable response of the drug might be influenced by these
molecular processes. THC is a viscous substance that has high lipid solubility and low
aqueous solubility. High THC concentrations are quickly reached in blood after use or
exposure. The majority (90%) of THC circulates through the body in plasma and the rest
(10%) is carried by red blood cells [329]. Once circulating, the highly lipophilic
substance gets rapidly distributed in adipose and highly vascularized tissues, including
the brain. THC is broken down by liver microsomes through hydroxylation and oxidation
with enzymes of the cytochrome P450 (CYP) complex [329]. Hydroxylation of THC
generates the primary active metabolite 11-hydroxy-Δ9-tetrahydrocannabinoal (11-OHTHC) and further oxidation produces the primary inactive metabolite 11-nor-9-carboxyΔ9-tetrahydrocannabinol (THC-COOH). Route of administration (inhalation vs
ingestion) significantly impacts the bioavailability of THC. Extensive liver metabolism
that goes with ingestion results in much higher 11-OH-THC concentration and less
unmetabolized THC in plasma and tissue compared to inhalation, which bypasses first
past metabolism [330]. While break down of this drug occurs relatively rapidly with
either route of administration, it is important to note that residual levels of THC can be
maintained in the body for many days following exposure.
Despite the straightforward outline mentioned above, it is possible that genetic
variation could be altering these processes, contributing to differential response to the
drug. As with the phenotypic data described in previous chapter, the BXDs along with
their parental strains could be leveraged to identify genetic factors contributing to
variation in THC metabolism. The parental strains will be sampled to establish heritable
differences between these two diverse inbred strains. A search for candidate genes using
the BXD progeny can then be performed if significant differences are found between B6
and D2. To mirror the initial response phenotypes studied above, blood and brain tissue
will be collected after a single injection of THC (10mg/kg) at varying time points (5, 10,
15, 30, 60, and 120 minutes). THC and relevant metabolite concentrations in blood and
brain tissue can establish differences in metabolism, absorption, clearance, and
disruption. It could be fruitful to include a chronic paradigm of daily injections for
approximately two weeks. Results from chronic use could give insight into the relevance
of pharmacogenetics with abuse and dependence.
Based on the significant phenotypic differences seen in the parental strains and
the 20 BXD lines used, gene variants relating to metabolism, absorbance, or clearance of
THC are potentially playing a role in the wide range of responses. If higher
concentrations of THC are being absorbed into certain brain regions, we would expect it
to correlate with known behavioral phenotypic behavior (ex. high striatum THC levels in
strains with high levels of hypolocomotion). After using at minimum the same number of
BXD strains as before, but preferably more, we would expect to have QTL mapping
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results and the ability to generate a list of candidate genes involved with the metabolism,
clearance, and distribution of THC following exposure.

CB1R Receptor Dynamics and Relevant Signaling Pathways
Another area of interest is testing if genetic variation is affecting the biochemical
and molecular pharmacodynamics of the endocannabinoid system, particularly the CB1
receptor and other pertinent pathways affecting individual response to THC. Based on
behavioral data (Chapters 2 and 3) and what is known about drug response in certain
brain regions, the striatum, hippocampus, and cortex would be reasonable candidate brain
regions of interest. Brain tissue collected for the metabolic study will be used to look at
receptor dynamics. RNA sequencing and proteomics will be used in relevant brain tissues
at the established time points to investigate gene expression and protein level changes
after exposure. To visualize the internalization and desensitization process after receptor
stimulation, immunohistochemistry probing techniques can be used on brain slices.
We have generated preliminary data in this area of investigation performing
shotgun proteomics from striatal synaptosomal preps on a small number of unexposed
male B6 and D2 parental strains [281]. Aside from molecular activity that occurs upon
CB1 activation, we wanted to look at basal levels of CB1R to ensure any observed
differences were due to pharmacodynamics rather than receptor expression levels. A
significant strain difference in baseline CB1R expression level was identified
(Figure 4-1A). These results were confirmed with western blot, giving near identical
results (Figure 4-1B). A baseline difference was observed between B6 and D2 male
mice. This baseline difference came as an interesting surprise since there are no strong
variants in CB1R gene, CNR1, that are predicted to impact expression levels. One
potential cause of this strain variation in receptor level is post-translational regulation
such as modification (i.e. phosphorylation), proteolysis, or sequestration. Another
potential cause is a downstream alteration such as endocannabinoid levels, G-protein or
β-arrestin signaling differences, or protein expression of a receptor CB1R interacts with.
Expression levels of CB1R could also be mediated by other genes. This needs to be
further investigated by including females, BXD strains, and looking at other regions of
the brain.
GeneNetwork contains RNA sequencing and microarray datasets from a
multitude of brain regions. Analysis of genes involved in the cannabinoid signaling
pathway within the BXD and parental strains was analyzed from these datasets to
generate preliminary data. Many genes had strain and strain-by-region expression
significance indicating that genetic factors may cause differences in cannabinoid
signaling gene expression leading to variation in phenotypic
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Figure 4-1.

Baseline CB1 receptor differences between B6 and D2.

(A) Proteomics data generated using an LC-MS/MS revealing baseline differences in
unexposed animals between male B6 (N=4) and D2 (N=4) strains in striatal
synaptosomal preps. (B) Western blot quantification results confirming proteomics
results.
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response. From this list of genes three stood out: Beta arrestin 2 (Arrb2), G-protein
coupled receptor kinase 2 (Adrbk2), and G-protein sub-unit beta 2(Gnb1) (Figure 4-2).
These genes are controlled by cis-eQTLs indicating that a sequence variant between B6
and D2 located near the gene locus is controlling expression of the gene. Most
importantly, all these genes have notable roles in CB1R signaling. Gnb1 is an important
subunit for G-protein heterotrimer formation, Adrbk2 modulates the phosphorylation and
deactivation of CB1R, and Arrb2 targets CB1R for internalization. Phosphorylation,
deactivation, and internalization are all important processes in the desensitization process
upon receptor activation. These gene expression differences are among naïve mice. We
would develop expression datasets from mice treated with THC with the same time
points outlined above to investigate any expression differences with response to the drug.
After performing these experiments, a list of candidate genes along with their
relevant brain regions can be generated. A list of other signaling pathways or modulators
affecting or being affected by cannabinoid signaling could also emerge. An expanded
knowledge of CB1R activation and desensitization, including other signaling pathways
that could be affecting these processes, is needed to further the understanding of
cannabinoid response and therapeutics. Expanding on this topic is far reaching. It could
help with drug development for people suffering from cannabis use disorder, help
identify individuals who are susceptible to addiction or the adverse health effects of
cannabis use, or help prevent unwanted side effects when designing new drugs. Even
without a full understanding of the CB1R signaling pathway, it is a potential drug target
in many areas of disease including cancer [331], diabetes [332], and cardiovascular
disease [333], eluding to how impactful closing these gaps in knowledge could be.
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Figure 4-2. Gene expression differences in cannabinoid signaling genes across the
BXD population.
Arrb2, Gnb1, and Adrbk2 expression is variable among the BXD population (blue bar
charts). Expression of each gene is modulated by a cis-eQTL, (yellow arrowheads on
heatmap). Rows indicate position on the chromosome and columns indicate expression in
various brain regions. Color intensity indicates strength of association (LRS or LOD
score) between cognate gene expression and genomic location. Red and blue indicate that
D2 or B6 parental alleles drive higher expression of the gene, respectively.
Mb=midbrain, Hip=hippocampus, CTX=cortex, NAc=nucleus accumbens.
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